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tIAIN-A,HSIWPEDHOLOGRAPIIIC 8TORAtIE MEDIA

by

RobertA, Gange lindR_ul.m H, Mezrieh

RCA Laboratorio_l

I_rlne0l,on, Now ,lerMey (1H54()

8I.IMMAIIY

L
The objective of this research wa_l to devise and investigate tcchntqut;s l'or u,il,g deformabh,

insulating films as the storage medium In a high.speed, random.aecess, read/write holographh,

memory. This included a search for solutions to the general problems associated with conven-

tional thermoplastic-photoconductor systems, such as fatigue and uniform charging prior to ex.

posure, as well as the specific problem of selective addressing, i.e., heating only one hologram

area out of many thousands of such areas.

'the fatigue mechanism was studied and a model was proposed that explained the failure of

conventionai thermoplasf_cs. This model led to the discovery of a new material - mierocrystal-

line wax- which was found to be free of fatigue up t') at least 7000 cycles.

Improved corona-charging techni,ques were developed during tbe course of the work, and a

method of charging with a space-charge-neutralized glow discharge was demonstrated.

The feasibility of selective heating by a light.addressed return electron beam was demon-

strated, but problems with cesium contamination of the storage medium prevented the develop-

ment of a practical operating device. Cesium il:duced conductivity of the insulating surface and

also prevented photoemissive charge patterning.

A fundamental result of our reeearch established the fact that no deformable film medium

', which uses heat to soften the material can be cycled at a frequency greater than the reciprocal

of about 1000 times the heating time without excessive heat build.up at a location subjected to

continuous erase.write operation.

A device consisting of a substra'te, transparent conducto*., photoconductor and a micro-

crystalline-wax insulating film was fabricated in which holograms were written ow_r a 2 em by 2 em

area by thermal biasing and direct laser-beam heating.

The main conclusion which we have drawn from this research program is that deformable

media which employ heat in the recording process are not satisfactory for use in a high-spee:i

random-access read/write holographic memory. They are, however, a viable approach in

applications where either high speed or random access is not required.

/
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1. INTROD1JCTION

In rncnnt y,_ara, auhHtantlal work hall nccurred in the field of holographic fstorage media, '1hiti

worh ban b_,en oritmtt._d toward the development of a mate)'tal _ultable for tl_lO ill holographic, data-

_tort_ge ay_tem_, The roqutrement_ Imposed on the id;orage medium by fil.l¢'h a flyfltom hi,re iJr_wq_

to he severe, as Indicated by the fact/,hat no material has 'won dtat,overod to date whh'h t_atit_fi,)tt

all of the requirements necessary for realistic ayat,om operatiqn, By way of lntrodtwli_m t,) th,,

progres_ achieved at the RCA Laboratories toward doveloolr_g such a material, a hrlof _mtlim, flu

, giv,m beh_w of tht_ variout_ wquiramentn imposed by the system t)n th,_ storage, medhm),

A. Writ,: Sensitivity

In a practical system laser power is at a premium; present laser technology provides for

power of the order of 1 to 10 W in a useful line (single frequency) of reasonable coherem_e. If,

denotes the system loss in laser light through the deflector, hololens, optical components and page

composer, and h denotes the diameter of the hologram at the storage medium, then the sensitivity

S required of the storage medium (J/m 2) is

neff

S < --nn----_ (1)

where e is the available laser energy. The hologram dimension at the storage medium equals the

diameter of the Airy disk ~2_,L/b (rectangular aperture), with h the wavelength of the laser light,

L the focal length of the lens, and b the width of the page composer and photodetector elements.

Since the area of the page composer hi32/4 03 = page composer diameter) equals (bN/_pc)2 , where

N2 is the number of bits per page and _PC is the spatial duty factor of the page composer elements,
ffh 9- (8_,LN]_wpc)2. Noting that L/_ is the F-number (#) of the lens, the systemit follows that

requirement on storage material sensitivity is

B. Read Efficiency

In addition to adequate write sensitivity, the storage mat.:rial must be capable of diffracting

the light sufficiently for adequate signal to noise at the detector. If g is the minimum energy per

bit necessary at the detector, rp the reading time and P the average available read power, then the

readout efficiency (f) of the storage material must be such that

gN 2
f > (:_)

Prpa
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C, Mat,)rial Fatigu_

A matorial t_uitahl() fi)r h(d,)graph_(; r_ad/writ_ tltorag[_ murat h_' ahlt_ t_ haw, inf[_rmati_m writ.-

l._mm_d ,_ra_od wlthoul, any al)l)ro_,iahi_ _hang_, in (Iw matm'ial', pr_vmrl.tt,t_,Tim iimhility _d' lradi-

titmal tJmrnmph_tlttt, typo matorhd, t_) nminitdn m,dvcnlar i/d,,,grlty d,lrJng r_,ptq.ll.ivt,oh,t,lrhqtl

altoratittl| [tl' thoJr tlll't,rlllll|,jOl) t,tlnti,ll|, hlllt I)rttvt)n t._ ht, a i't)rmldld)lt) I)rtfltl_,m tin,a, tn typic,ill

r_,ad/wrlW nlOltl_try Ol)vratl_ul, ral_,hi'lH,jgllOrl|Jll_,/ltho toll|Itt,ratllr¢_ r,qlllhqql l._twrit,, hll'o"llllltbtll

inl,n tlm al._rag_matorlal, In l,rmlll,i_mal mat_q'lalt_,a thvrm,_t_,t t_qnp_,_al,ur_,I. r_qwlwd h_,y_md

la Irr_,w,rtllbh, and may typh,ally _eeur anywhere, h_,twvvn t_,naml t_,w,ral humh'cd r_,ad/wrlt_, _,y_,h,t_,

Ch,arly. tlw abt_em,vof ata'It l'atlgtw it_a major rvqtllromeJtt (m any td,_ragvmat_,rial l'_r utah,i_ at_

eh,_,trlet,lly alterahh, h_d_graphle.mvm(_ry systvm.

D. Spatial Resolution

lnformatitm is written into the storage medium by spatially modulating one of two coherent

laser beams, and .,uperimposing these beams at the desired storage location. The beams interfere

and produce an intensity (1) with a spatial variation of the form

I = 1o [l+coskx(sin0 l+sin02)l (4)

where Io is some constant, (01 + 02) the angle between the two beams, k the wave number 'f
the laser light, and x the distance along the surface of _e storage matertA. Equation (4) shows

that the storage material must be able to respond to spatial variations whose period D is of the

order of

D _ h/(sin01 + sin02) (5)

" where X = 2n/k is the wavelength of the laser light. Analysis of the resolution one obtains upon

: ': reconstruction of the stored image shows that for typical object and system dimensions, (01 + 0 2)
is of the order of n/6 to _/4 radians so that the storage material must be capable of retaining

spatial variations of the order of the wavelength (_,) of the laser light. This material bm_dwidth re-

quirement also restricts the thickness of thermoplastic materials (ref. 1) to a maximum value of

about D/2.

E. Temporal Response

Another requirement which the system places on the storage bandwidth is that of temporal

bandwidth. The cycle time of the memory includes both the erase time and the write time as well

as the read time. In storage media using heat, the heating and cooling times must also be considered.

1973009954-TSA12



I_, Fly_l_m _,ompnttbiliLy

A v,_qulrnm_ml,of¢_;_ .vc_rlo_k_d tn t,ho ,,h_i¢_ m_a mld.,_ri;df_r h_.d_JMr_pht_m¢_m_ry appll_'n-

tlan_ 1_th_ v_mpat, lhillty of the material with t.h,__y_l:om tn whlvh t_;i_ R_Jtngm ho u_d, I,',_v.semi-d,,,

,__t_ral_nmnt_*rhdmay hnw_adequ,_tn writ_, _,_n_tttvlty in t_wm_ _,f_morgy, bill, r_qlllr_ l.lm iqqdt_id.hm

of tht_ enorg,v 111time inl_rw_l_ not roallzahl_ with ,_htting or f_,raonldd_ II_r l.,_,,hn,d.gy, An_l.l-l,_r

example t_ matort_ls which may _tti,fy all ,_f 'Jm .t_rago rnqulr,_m,,id,_, hut whl,,h hay,, _tN._,,l,r_d

_o_pon_o either in the infrar_d or tlltravloh,t part of t:h,_i_povl,vt|mwh,_r_,d_,fh,,,l,_r _r d_,[_,_,l,_rIm,_m_

patlbllity may exist. P_.rhap_ the most often ene_tll_t_r,_tl _xaml,h, ot' t_y_l_l_lhwolill_at.thiltt,y i_lwlwl'_,

the material satisfies all of tll_ dt_finablo t_rit_rla, but th,_a ao _mly ow,r ar_,a__,f t,h_,,_rd_r ,d' _,I_u_r_'

millimeters. In such an instance, the; rt_quirt,ment for art,as of many aquart, e_l_t,hn_,t_,ra l_r_v_'_t._,I.,

a formidible, if not impuaaibl__t_k.

G, Summary

The requirement_ imposed by the system on a holographic-storage material ua discussed abow.,

have proven to be formidable. Of the various kinds of materials considered for use in situ in a

read/write holographic optical memory, thermoplastics have emerged as a possible candidate. Such

materials have been extensively investigated at RCA Lal__ratories, and have been found to satisfy

some of these requirements. Therefore, a brief description of the use of thermoplastic mat_eriuls for

recording holograms is given in the following section.

5
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II, TI IF,I_M()Iq,At_TI('._

A, Inlr_J_h.,litJn

Tim _l(,fi_l'll|l|l.illn_d' lhvrn_qd._ilh'ni.l(q'i.h_hl l'_qiJI_llli_'I_ J_Idlm'lIri tJl'_,h,_'Iri_'.l_..IrI_.,.J

lh,,h'mill.,,,,dIIl,,tLl..'hI.,_IHiI7(n,I',_,I.I)|II'Inglh,,j|IItIlIW,qHy y,,llrHI.h,,m,,l.l',,rli|l;li,_nlihllv,,

If,,,IIJllV,,tllll_l|14qlJJy lnllll,VW;_l'Ji,q'tl{l,,lh,_l.lfI),Th,'llIiI_ill'lh,,rlll,qllllI,ilh'iillll,,rhlJ,ll',irhid,qg'Hl_JH,'

.l,,r.l-i,,Wire l'h'.llh,lll,,lllll,rlll.,,llflyIlrlJll,,hlllldMoh,r hl llllillIrl,l'.l:_,I,

Thv r,,_,_rdlnF,cH'a h_hq_rluaI11.lh,,rmtq_l..lh,Jlml_,rhdh__h.w l,yhHr_.hl.lnRlqmlildw.'m
l

I_I lh._:lin llw l,hh,luwHiloI'llw th,,rmolda.lh,film,Th. thh,ku,,i_,w_rh_li_.__',_ri'_'.l._mlI_,_lil'l'_,r,,_.,,,,

inllm la._,r°llghl,Inb,l_dl,y oI'a holul4raldlh'l'rlul4Viml,h,rn,Tlw l,hvrm.lfla_lh'h_ummlly a r.ldl_IYl.'

mat_,rlalwhh,h IHlum,m_itlv,,I,_llght,Tlwr(,for_,,itIH.mrmally u_,d lu _,_.nl_hml.hmwllh a ,,_.i;_iliv_,

l_Iml,o_.omluei,or Huch aH lJulyoN°vhwlcarhazeflv(r_,l'.;I9).

',;'. B, D_.,vtc,, (.'.onfl_lurati,,n

A typical thermoplastk:°photoeoaduet_r fihn storage, dcvk'e iH Hhown in Fir.... _ he _hurmo-

; plastic.photoconductor combination is placed over a trm_sparent _quctrode su_'h as tm oxide (TIC I

t or indium, oxide (lnO). This transparent electrod(, acts as a k,q'ound platte to image chargt, of polarityopposite to that placed on the surface of the thermoplastic material. It is the electrostatic forct,

:-) between the charge on the thermoplauti, surface and the corresponding charge imaged in the

ground plane which causes the thermoplvstic material to deform.

THERMOPLASTIC

PHOTOCONDUCTOR

TIC

GLASS SUBSTRATE

Figure 1. Thermoplastic-photoconductor film storage device.

6
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C. C_r_.m Discharge

A corona device consisting of a thin wirt, or wires at high vtfltag_, (-_ 10 kV), and an eh,_tri_.,ll.v

grounded shield ts usually employed tt) chtu'ge the therm_plat41ir tmrfat,o. 'l?h_ fin,, wir_, i.niz,_,t; th,,

air because of the high electtte field strength in its proximity. The ions art, attract(,d tt_ thl, !.horin_.

plastic surface because of the electrically grounded transparent conductor, The i[)ll_,.re (h,p._itod

onto the thermoplastic surface and held by the charges induced in the tranaparez)t [,lectrnd_,. 'rhtm,

the surtace of the thermoplastic material is charged to a uniform potc,ntial which typically it_

several hundre_ volts.

I

D. Hologram Writ(: Procedure

For ease of visualizing the storage of a hologram in a thermoplasiic material a r_,cording

sequence is described below and illustrated in Figs. 2A-E.

In Fig. 2A, the thermoplastic surface has been charged positive by a corona-type device, and

is at a uniform potential. The corona is then turned off.

FIRSTCHARGING

_/////////////////////////////J_--- THERMOPLASTIC

PHOTOCONDUCTOR_ ]
A

EXPOSURE SECONDCHARGING

LIGHT LIGHT LIGHT

I/IIIIIIIIIIIlIIIIIIIIIIIIIIIA //////////////////////////Ilk

I I
8 C

DEVELOPMENT ERASURE

_fffff_ff_7?_ 7////////////////////////////

I l ,
D E

Figure 9.. Thermoplastic hologram recording sequence.

1973009954-TSB01



Figure 2B shows the diatrihution of charge within the phol,t}conduct¢)r layer imb_O(lUOntI,o

exposure by l,wcJ la_er beam_, which haw_ boon made to interfl,r_, with one re,other. The effo_'t _)f

the light is to exeii,o charge carrior_ within the pht_tt)ctmduett_r, whore they ar0 thvn free I,o m,_w,

toward l,ht, l,lmrm[qflatfl,ic-Ifliott)conduc'tor interface, under the force of the char,",d 1.h_,r|n_)lflat;tic

surfact_.

In Fig. 2C, the corona.charging tl;,vice has again boon I,urnotl oil and a noW lay_'r _f charge

dept_sited on the thormoph_stic surface. The newly dopotdt0d charge distributes ilself along the

surface in a manner which alh)ws the total electrostatic energy to assume a minimum vahw. Figure

2C shows the distribution of charge which corresponds to this minimum energy confi_;qlratitm, and

although a greater amount of charge is seen to m.,.umulate m regions of high !ight exposure, the

surface is at a uniform potential. The corona discharge is removed subsequent to application of

this second layer of charge.

Figure 2D shows the configuration of the thermoplastic surface after momentarily applying

heat to the then .oplastic material. The heat raises the temperature near the softening or melting

point and the regions of higher charge accumulation and therefore higher electric field strength

deform under the action of the greater attractive force which exists between the negative-imaged

electrode charge and the positive thermoplastic surface charge. The thermoplastic material thus

deforms in accord with local electric field strengths, and becomes thinner at the high field (illumin-

nated) areas, but thicker elsewhere. As the heat leaves the composite structure, the thermoplastic

cools to room temperature where the thickness variation remains as a permanent deformation.

The hologram is thus recorded.

E. Hologram Erase Procedure

Figure 2E shows the storage structure subsequent to the reapplication of heat in the absence

of corona discharge and light exposure. The reapplication of heat raises the temperature of the

thermoplastic material to a value higher than that used to record the hologram. At this hi_her

', temperature, the thermoplastic material is restored to its initial smooth configuration under the

action of surface tension forces. The reapplication of heat in the absence of corona discharge and

light exposure thus corresponds to erasure of the previously recorded hologram. In addition, any

remanent charge which may exist on the thermoplastic surface is removed during erasure because

of the increased electrical conductivity of the thermoplastic and photoconductor at the elevated

erase temperature.

8
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III. FATIGUE

A. Introduction

The recording and erasure of a hologram in thermoplastic matertal_ as outlined in Figf_.2A.E

is seen to occur at specified softening or melting tc,mperatures achieved by the transfer of heat to)

the storage material. Since many holograms exist in an optical memory syntem side by _ide _)n a

common film, a change in the softening or melting temperature at any one hologram location

makes it essentially impossible to write holograms over the entire storage medium with a consta_t

' heat energy. In the extreme, the melting temperature is higher than the temperature at which th__

material is destroyed. At intermediate temperatures, loss in the plasticity necessitates progressively

greater values of electrostatic force to deform the material. This change in the softening or melting

temperature is called fatigue. It usually occurs as a result of polymerization and crosslinking at

the molecular level.

Other mechanisms can also produce material fatigue. For example, Cree resins such as staybe-

lite are believed to fatigue due to oxidation at the surface of the film. This oxidation ostensibly

occurs prior to the onset of any appreciable polymerization and crosslinking, and therefore is be-

lieved to be the dominant fatigue mechanism in tree resins such as staybelite.

B. Frost Temperature

In order to investigate the fatigue mechanisms in polymer type materials, and to identify

those factors which contribute to material degradation during the repetitive writing and erasure of

holograms, work was initiated on the study of frost temperatures of styrene fabricated in varying

stages of virgin polymerization. The frost temperature of a material is the temperature at which

one observes the onset of scattering from a single beam of laser light made to fall uniformly over

some region of the sample in the presence of a uniform corona discharge. Such scattering, or

"frost" as it is commonly called, is observed to occur with substantially all thermoplastic materials.
,.

C. Frost Mechanism

A mechanism believed to be responsible in part for the phenomenon is the inverse dependence

of surface tension on the electrostatic potential at the thermoplastic surface due to lateral repulsion

of like charges. In an analogy to the electrocapillary effect (ref. 20), the change in surface tension

5S may be expressed to a first-order approximation as the product of the surface charge density

(o) times the mean.surface potential (_) measured from the transparent electrode.
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D. Movlanieal Vornus Eh, ctrontatic ,ql,ren_

If the change in _lectr**ntal,h' en,_rgy ,_orrenponding to the thivknvHt_variationl_ in the thermo-

plantie is calculated und,_r the annumption of a ningle harmonic; mechani_al c.mttmr, then it c_anbe

nhown that the change in nurface energy _ S in more accurately given an

_S ,_ "2/kK (6)
K + tanh kh

where k, K, and h are the mechanical wave number, ditdectrtc constant, and separation from the

transparent electrode of the thermoplastic material. Since the total energy is a minimum value,

S is a measure of the negative of the change in mechanical energy by which the thermoplastic is

mechanically stressed. Thus, the thermoplastic is seen to mechanically deform in the presence of

both heat and electric field intensity with maximum stress occurring at maximum field strengths.

E. Polymerization and Crosslinking Versus Frost Temperature

1. Deposition procedure. -- In order to evaluate the effect of heat and electric field intensity
on the elastic properties of polymers, styrene films were fabricated with structures containing dif-

ferent degrees of polymerization and erosslinking. The polystyrene films were fabricated by poly-

merizing styrene molecules in a vacuum system. The initial rough_iown prior to i_troducing styrene

into the system was done at a pressure of about 1/_m. The styrene monomer [maximum vapor

pressure -- 3000/_m (3 t_rr)] with an additive (tert. - Butylpyrocatechol) for stability was bled

into the vacuum system such that 100% evaporation yielded a pressure within the bell jar of about

150 t_m (.15 tort). The pressure was then increased to 500/_m (.5 tort) by bleeding air into the

system. The styrene films were deposited on transparent TIC electrodes placed between two parallel,

circular, stainless-steel plates each 750-pro thick, and separated from one another by about 2.5 cm.

The energy necessary to polymerize (and crosslink) the styrene monomer was supplied by an alter-

nating electric field generated by placing a 60 Hz -- 480 VRMS voltage across the parallel circular

plates through a 4000-ohm resistor. During the polymerization process, a blue-glow discharge (not

an arc) is observed, and the activation (0.3 eV) to ionization (3.0 eV) energy ratio of 1:10 is be-

lieved to produce a ratio of styrene activated to ionized monomer molecules of 106:1; random

collisions between the plates are rare, and the styren_ polymerization is felt to occur because of

the increased collision probability associated with higher retention times at the surface of the

conductive films. Electrical contact was made to the transparent electrodes as shown in Fig. 3.

The glass substrate was placed on a gold-plated 5-cm by 5-cm copper block, and a wire from a

clip lead placed on the transparent electrode was soldered to a copper block which rests upon the

lower plate. Styrene was simultaneously deposited upon as many as eight 5-era by 5-cm samples;

however, since the electric field exists between the upper and lower circular plates, as well as l,,'-

tween the upper plate and metallic film, the styrene is deposited on the lower plate as well as the i

sample. Thus, regardless of the particular number of samples employed during a given styrene

10
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ALTERNATING
DEFORMABLE ELECTRIC

CONDUCTIVE
SUBSTRATE CONNECTING 4K_

WIRE

GLASSPLATE ,,.480 VRMS( ) /l"60 Hz /
i

GOLDPLATED

COPPER I/ "BLOCK 32 STAINLESSSTEELPLATE

'- 16" -'

Figure 3. Sample connections during styrene deposition.

deposition, eight copper plates must be positioned in the eight locations initially established on the

lower cbcular plate; otherwise, these regions will be coated with s_yrene and electrical contact be-

tween the copper blocks and the lower circular plate upon which the blocks rest will be lost.

2. Molecular saturation control. -- The high energy of molecular formation produces multiple
crosslinking as well as polymerization of the styrene monymer molecules. The increase in pressure

to 500/_m (0.5 torr) by the addition of air was used to control the extent of the crosslinking.

Although most of the samples fabricated contained 240-nm-thick _lystyrero films, devices with

styrene thicknesses between 160 nm and 320 nm were also evaluated. A 10-microliter volume of

styrene monomer typically produces an 80-nm film over a 2581-:_ 2 area (upper and lower plates).

Typical power consumption during the polymerization process decreases from an initial high of

5 mW/cm 2 to 0.5 mW/cm 2, with the initial 480 VRMS decreasing to about 300 VEMS, and the

initial 55 mA current increasing to 70 mA. The decrease in power results from the growth of the

styrene film over the sample and plate areas. In high electric-field regions, the film is believed to

grow in a macromolecular fashion with an entire coating along one strip possibly being one large

molecule. It is noteworthy that the solubility of such compounds is inversely proportional to the

_- molecular weight, and that these coatings remain substantially unaffected when exposed to con-

ventional styrene or polystyrene solvents; this suggests molecular weights appreciably in excess of

" that normally associated with conventional polystyrene.

I

3. Complex styrene analysis. -- Mass spectrometer measurements were taken of vapor pressure|

in which the complex styrene coatings were placed in a chamber, evacuated, the pumping stopped,

and the evolved species collected over a 15-minute period. Spectra were obtained from this sampling

11
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procedure at 27"C, 54"C, 85"C, 110"¢;, 125"C, 14VV'C, 156"C, 179"(',, and 210"C, Figure 4 _4mw_

data taken fn_m mas_ spot!trometor measurem.nt_ illu.tratlng the ovolw,d f;p(,ci_q;, and f;hnwing

timt styrene coating_ depoHil.od in maximum field stlongl,h rt,gions ar. quite t;l,abh, Ul) t._) t,,mp,,r,i-

turea of 90"(;. Whereas an pnttcipated Hlmctra wa_ r)bHervod under a ffimilar m,,at_ur,,m_qlt with

ordinary polyatyrenr_ at about 10if'(2, quantitatively Hmall ap(q'ion were evolved l'rnm th[, _l:yr.lm

coatings deposited in high-field regions, even at 210"C. The species dot,e_'tod wore (rely Idightly

ahoy[, the detection limit which in on th(, order of 10 .7 to 10 .8 pm (10 "10 t. 10 ''11 t(_rr), At rr)_m_

temperature there was o,videnco of a C4H 8 species with a terminal CIt 3 group, Am_thor _po.t(,s (leo

tected was a C3H 5 group. Figure 5 illustrates a structural configuration of the polymorized ami
erosslinked styrene coatings which is reasonably in accord with the evolved detected species, al-

though other equally viable structures can be hypothesized.

cN;:c>c/ /c,

0 I 0 0 0 :"'¢>"¢'",IC-'" H/C'_c_C_H
C

,/, ,/" ,,,, = CROSSLINKINGBEHIND

CROSSLINKINGIN

CH2 CH2 CH2 CH2 " FRONTOF PAGE.

"_, : BONDBEHINDPAGE.

i _IL f BOND IN FRONTOF
OR OR = PAGE.

Figure 5. Complex styrene structural configuration.

4. Molecular saturation versus electric field. - The variation in the polymerization and cross-

linking present within the styrene films was achieved by means of glass substrates on which were

etched seven strips of TIC {transparent electrodes). The glass samples were placed on top of the

gold-plated copper blocks as shown in Fig. 3, but electrical connection was made to only the center

" .......... sti|p.i/i"_Kl_ w_y,'_l/'d"e166_r]c" field in£ensi_y-bdGvd_ii'thd"'d[3[AdF'iAlfi_d'hiid" the" _ffi_ii'W_i_' fi'_iSz2i: .....

mum over the center strip and a minimum in the region of the TIC strips furthest removed from

the center of the sample. The technique for interconnection along with an illustration of the relatiw,

field strengths is depicted in Fig. 6. The decrease in electric field intensity from the center strip and

along the three unconnected strips on either side serves to produce a gradient of molecular satura-

tion with a substantially higher degree of polymerization and crosslinking in the styrene deposited

along the strip at the center of the glass substrate, and lesser degrees of polymerization and cross-

linking occurring in rough proportion to the separation of the strips away from the center strip, i.e.,

the point of electrical connection.

13
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Figure 6. Electric field strength vs. electrode strip position.

5. Test Da_. -- Tests were later conducted to investigate the effect of ohmic-heat and corona-
discharge-induced electric fields on the frost temperatures of the different strips. Figure 7 typifies the

distribution in frost temperature versus strip position which was observed. Styrene deposited on strips

furthest removed from the region of maximum electric field strength exhibited frost at lower tem-

peratures ~ 35°C, while styrene on strips in close proximity to the maximum field region frosted

at higher temperatures ~50°C. No frost was observed at any time on styrene coatings deposited

on the center strip, the region of maximum field intensity at temperatures up to ~100°C.

6. Electric field induced fatigue. -- A significant discovery was that whereas the strips could

be heat-cycled between room temperature and ~50 ° with no significant change in the temperature

at which frost occurred, subjecting the strips to about five cycles of corona discharge (depending

upon corona intensity) in each instance raised the frost temperature until, at a temperature of

~70°C the frost was permanently frozen in. Thus, regardless of the initial state of polymerization

and crosslinking and the initial frost temperature, except for the center strip at which electrical

connection was made, each strip suffered an increase it, the temperature at which frost occurred,

with the styrene exhibiting permanent frost at ~70 ° C.

The increase in the frost temperature of the incompletely saturated coatings is attributable to

increased polymerization and crosslinking due to the corona discharge. The permanent frost con-

dition derives from a thermoset condition of the styrene resulting from a saturation of the poly-

merization and crosslinking due to depletion of available covalent bonds. These results appear to

be of general character, applicable to most crosslinked polymers. Additional work with resins and

rubbers at RCA Laboratories and reported in later paragraphs support this conclusion.

14
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F. U_'unpio× Htyrono Htru[_,l.urv

Work wa_ al_() d_mo 1,,_¢,vrdua_._,Mw ,_l(_(_tri,,-fi,dd-indu_od f_truutl.lro_d' tl-m highly (_rf_l_fdink,,d

{_omph,s tltyrono fihrl_. 'lTw i_tyrvnl, vtml;irlgt_',w,ro hiv,,_tigal. :1 i.l_;lngx-r_ly diffr_wl._Jm_q.,,ry,,,l_ml.r,}n

diffrm_l,i(m, dtff(,r,ultial I,Iwrrrml almlytlhl, and mllntl l_l},,(d.rcmwtry.Tim rvfalll.l_I'l._mlI.Imt_(,l,_tll._wore

(._ons(}nll.nt with ,_11o Illl(ili-w,r, lind flb|lwod [.Ill, " "lllllll('N" Iil.yro¿l/, fllml; t.,) i_,lllll.llirl IIll i'llll{wllhcHlll

ai,rl.lvturl, ,.if al)l)r, ixhn_d,,ly 5ram I.)ly_,ryrll,ullitl, li_,,,,l,'ig, H), u ghm_ trmmJl.i(m and ml,li.ing l_,l_ll,,r,,

aturo rv_lmrl,iw,ly, (if I,lti"(! and 2lift"(', _ll_(.Ia Wll.U' pl'ii_,ur,, at 9if'(.: _)1'1 (r H pin (! II"l 1 1._rrh

lindIlt]50"(',,_I'"-5',_Ill"7inn(.-5_<I()"l-I)i._)rr),'l'h_,Idgbl.ranl_il.i,mlindinvll.hll_i,,n111,,1'Iii.llr,,l-I

, _-,xl)lail_why fro_t wa_ not ob_[,rw,d in tlw ,'(,ifl,(_r_l,rip. an(I why tl. al)lr,arvd l,o h_, l'l',)z_uli1_at.

,_.70"(_.The data als() sl]ow_ thut the eOlnl}lox _tyrl,lw ('oIItJll_14 are quit(' aml,nal)h, t.o htgl_

vacuum use, an applieath)11of which more will Ix, said with rt,gard to w()rk ()n l)i_ot()(mlissio11.

G. h_hibition of Polymerization and Crosslinking

In an attempt to prevent covalent band saturation via polymerization and crosslinking, styrene

films were deposited using the vacuum system of Fig. 3 in which an additive was introduced during

styrene deposition. A 0.85 styrene -0.15 octyl-decyl metacrylate composition monomer admixture

was introduced in an attempt to plasticize the film in the absence of solvents. The use of solvents

to plasticize styrene films has been shown to be detrimental to organic photoconductors of the

kind employed in holographic-storage devices. For this reason, a glow-discharge technique was se-

lected for the monomer admixture. However, in spite of every precaution, and using several fabri-

cation procedures, sufficient polymerization and crosslinking occurred during deposition to render

the styrene coatings non-deformable at practical temperatures < 120°C.

H. Fatigue in the Absence of Heat

.1. Materials selection. -- Conclusions regarding the fundamental mechanisms by which fatigue

occurs in polymer materials indicated that these mechanisms should be present in polymers de-

,, formable at room temperature. Although fatigue studies embraced a wide spectrum of materials I

including monomeric amides, lacquers and resins, an investigation was initiated to study the effect

of electric fields from a corona discharge on elastomers.

Dew Corning silicon elastomer #236 (dispersion) was selected because of the ease with which

it deformed at room temperature. At no time was it necessary to apply heat to the material, and

the corona discharge was the only external energy source to which the material was exposed. The

silicone elastomer was applied to TIC coated glass substrates using both dip and spin type coating

techniques. The range in film thickness was varied from 1 to 15 #m, with most tests conducted on

coatings between 1 and 3/_m. Figure 9 shows the device structure.

16
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Figure 8. Complex styrene el(,t'tron diffract, ion pattorn.
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DOWCORNINGSILICON
ELASTOMER# 236D__

PVK
PHOTOCONDUCTOR

GLASSSUBSTRATE
1,'igurt,_). Sili_,(mo ,.u ....,._,J_ di_l_(,rsitmdovivvsl,rtl_l,tlro,

,2.Expt,rinwntalarrmlg(,mt,a!,.The experimentalarranlzumon!usodduringthocmu'st,_I'tlw
i.w,sl,igatiullisshown inFig.I0.lh,-Ne(6328A)las_rlightofab_mt1 mW power wallmath,{,_Ji'al|_n

a beam splitter,and partof thoboam (Bemn B) to Ix,deflectedontoa mirror.Beams A and B w_,ro

then made to superimpose on the sample at an angle of about 5 ", with Beam A t)rthogtm_d tu thc

DIFFRACTED
LIGHT VIEWINGSCREEN

SAMPLEOF
PRECEDING

CORONA GLASSSUBSTRATE
NEEDLE

~5 kV DOWCORNINGSILICONELASTOMER#23BD

BEAM
SPLITTER MIRROR ,

He-Ne6328A
MIRROR ~1mWLASER

i

Figure 10. Experimental arrangement for silicone hologram recording.
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.Jllrfll, l,l.. ']"hi _ hi|_lJl,l' ,_rd(,|' r_,arl_;ll h_';ml_ vct,l_, vJt,wt,ll ill n hd_,r lnH_, _JrD a while, .il,rlqq) Idl.'_d ;_1

;| dh_l.l_.llt,o nf ldJ_ul lfJ _'IH I_t,hhl,'l Ih_* I,IIIHId_' IlIiIIli_ _HIIV Ih,i|lil ._ IhHirq.*_ t":ll_mlln' I_'_ I1|1, r_l'_lli,

dh_.hm'lg_h I1., _'hm'_.[,_ di;,lrilHltt,_l ahHq_ I IH, ilHl,rl'iu'J, I.,Iv_'J,_,l_ Ih_, I'\, E _,,_1 t1_,, ,,Im_l_mwr m _ _m_,,,

I(t..tHii, I'_,hdi_ll,_lHl_ I_ lh,, Jltltq'l't,rlqH'l, I|illli'I'li illll_ll _ I_' I)v_q'tt|I_lltlll', IWI_ Iilhlr lll,tllllh tlll tim PVF..

d_d',_rnmM,, (',_nthw, _m_dwi,,h, Th,, ,lil'l',,r,,,,Ihd I',w,,,,_ i_r,.tl.',,,I tw Ih,, _H'_l_u,l ('IllIl'l_,,qi I_r_dw'.d

h_d_,grlqfllh' mlrl'lu,_, (l.f_rnudi_,n_i whwh _lil'fn.'l, _1 I IH, hm_,r lil',lll.

l'll_'l't)1' IhtW l'(irllhltt '*,_,_lll,li:il_,'i'tli,_i__iilii',Ulr'i'hllillHil_'l'!illllh,'(lll_'lllI,_,'".I.*_,III'_'II}'lho ('(ll'(illil

i

!._ :Iili('()llohlldq)lll,,r,TI.'"hll"l'ili|"llllhllei,,,olii,he_iv,,lyqh,lli,uu_ll'IH,',lllli_lilllli,'Illlhq,lliI,Ill'llqqIl.

lllq)ll,'IdhHl,_I'lh,'i',_r,uill_ll_,,'Imrl_,'_'lllllil,lllllq'llllllllqlll'IdilillVI_,II.'l,m'lildlyl.dyl i,,l'ix,,,llilHl

i# sl,yl'tqll.,as llw (l.l'_,rmal_h.nml,_,rild,

Figure 11. Grating Iwrmanently stored in Dew Cornit_g :_236 di;q_ersion.

4: RTV 619. - In order to ewduate the r_fle played by the electric fields in the fatigue of

deformable materials, 'rod t_, examine the range of wdidity _,f the polymerization and crosslinking

mechanisms discussed atnw(', work was h.gun to study in detail tlw effect of corona induced

fields on the elastic properties of room teml)eratur_ vnlcanized (ItTV) rubln,rs. General Eh, ctric

I£TV 619 was selected for study because o1' the ease with which it d_,formed compared to other

RTV rubbers, and because of its paste-likt' charactt'r which promised hoth greater surface, move-

ment and greater susceptiMlity to c(wah,nt-band ciosur(,.
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Figure 12. Differential orders zero through eight (multiple exposure).
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Figure 13. Grating permar_ently sl_ored in GE RTV 619.
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The fatigue in the ftTV mato.rlal can be shown to occur while the film is deforming at a

depth approximately equal to one-half of the film thickness, Since no heal, is involved in the

process, the polymerization, and crosslinking ostensibly occur in response to electrostatic energy

supplied by the corona discharge.

1. Conclusions

A fundamental conclusion of this work is that partially polymerized crosslinked polymers are

unsuitable for use as a deformai)le holographic storage material, and that a fatigue.free deformable

, material must consist either of a completely polymerized and crosslinked polymer deh_rnml_le at

practical temperatures, or a material wherein sufficient molecular integrity exists to preclude

further unit volume free energy reductions through molecular restructuring during rcpeaix:d phase

changes.

22
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IV. MICItOCRYSTALLINE WAX

A. Introduction

A survey of materials with fully polymerizad and crosslinked structures wan initiated and con-

ducted concurrent with the work deseribad abow:. An a result of the survey, it was con,.luded that

polymers with such structures are generally nondeformable at reasonable temperatures and magni-
tudes of electrostatic force, in addition, they usually necessitate the use of solvents not c_oml)atible

with conventional organic (sensitive) photoconductors.
!

During the course of the materials investigation into fully polymerized and crosslinked polymers,

a linear, low-molecular-weight hydrocarbon.polymer class of organic materials was uncovered which

promised molecular structural integrity during thermal phase changes. This class of materials con-

sisted of complex mixtures of normal paraffinic, isopm'affinic, and naphtheric solid hydrocarbons,

and is commonly referred to in industry as microcrystalline wax.

B. Structure

1. Molecular stabilit[. -- Unlike paraffin wax which changes in molecular composition upon
repeated liquification and solidification, and which is composed almost entirely of hydrocarbons of

the normal-paraffin series, microcrystalline wax, in addition to the straight chain components, con-

tains naphthenes and isoparaffins with properties that differ greatly from those of the normal-

paraffin series. In this respect the microcrystaUine waxes are unique; for example, intermediate

waxes in addition to straight chain components also contain naphthenes and isoparaffins, but unlike

mierocrystalline wax the physical properties of the latter compounds differ only moderately from

the normal-paraffin series.

Although paraffin, intermediate and microcrystalline waxes can be found with identical melting

points, their physical properties are quite different due to variations in chemical composition. The

hydrocarbons of which microcrystalline wax is composed appear to double-over on themselves and

self-interact in a fashion which produces a lower overall energy per molecule. This reduced energy

state apparently imparts molecular stability during repeated liquification and solidification, and acts

to produce a high degree of plasticity within the material. The molecule appears to be further
stablized because of isolated, branched_hain and saturated, cyclic-ring structures which seem to

attach themselves at points of imperfection along the straight hydrocarbon chain, as well as near

the ends of the chain where straight-chain molecular attachments (and therefore changes in physical

properties) most frequently occur.

2. Physical properties_. - The microcrystalline wax usually is found to contain an irregular and
small crystalline structure, in sharp contrast to the large,well-defined crystals most often seen in

paraffin wax; in addition to a comparatively high molecular weight, ~600-700, microcrystalline

23
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waxen also have a higher hailing point trod rt, fractiw_ indt_x. Although i_ melting point is also hight:r,

thin film coatings hart, bt,t,n found to ttdt_quatt,ly softtm at about 4 2°(-;, a tt,mpt,rattlrt, which i;_quite

reasonabh_ from a holographic mt,mory systt,ms viewpoint.

Oth¢,r characteristics of th¢, hficrocryatalline wa× art_ its approximalNy uniform moh,_.ular

composition, thert_by yit,,Iding a comparatively narrow _-2.3" trtmsition tA,mp,,ratun,, a ditdc_c_ric

constant of ~ 2.s comparable to the PVK photoconductor, a reasonabh, dit,h,ctrtc bn,akdown

strength ~ 1.07 V/m, a surfac(_ resistivity adequak, for holographic storage _-'101 _ ohms/square, and

a viscosity ~5 c(,ntipoist,, more than sufficient to accommodat¢, typical t_luctrostatic forc(_s.

C. Device Configuration

1. Fabrication sequence. -- Devices containing microcrystalline wax as the deformable media

were fabricated using 2.5 cm by 2.5 cm, 2.5 cm by 5 era, and 5 cm by 5 cm substrate:,. The different

substrate sizes were useful in the many different kinds of experiments which were performed. The

smaller substrates were employed in photoemission experiments where it was necessary to seal the

samples in high-vacuum tubes. The large substrates were convenient for both process development

for sample fabrication and evaluation of holographic storage over large areas. The intermediate

(2.5 cm by 5 cm) substrates were employed for special-purpose experiments including definition of

operating paranleters such as temperature, heat-pulse duration, charge rate, etc.

Both tinoxide(TIC)and indiumoxide([nO)wereusedasthetransparentelectrode.Regard-

lessof substratesize,thegeneraldepositionsequencewas asfollows:glasssubstrate,transparent

electrode,barrierlayer(optional),photoconductor,and microcrystallinewax.Thisdevicestructure

isillustratedinFig.14.

2. Chemical barrier. -- The structure shows a barrier layer, which was employed to prevent a

chemical reaction between the photoconductor and the wax during experiments in which a constant

thermal bias was applied to the wax. This constant thermal bias was accomplished by passing a dc

current through the transparent electrode, which served to maintain the temperature of the wax in

'* theseexperimentsjustbelowitssofteningormeltingpoint.However,no suchchemicalreaction

occurrediftheheatwas rapidlyappliedtothewax intheabsenceof thermalbias,i.e.,ifthetrans-

parentelectrodewas pulsedovertimedurationsoftheorderofmillisecondswiththewax normally

maintainedatambient(~25°C)temperature.Forthesereasons,thebarrierwasusuallyemployedin

experimentswherea thermalbiaswas present.

3. Fabrication recipe. -- A recipe which was found to be satisfactory for general-purpose

sample fabricatio provides for dissolving between 0.8 g to 1.2 g of microcrystalline wax (depending

upon the desired thickness) in 160 cc of N-hexane, and heating the solution to a temperature of

about 60°-65°C. The T1C- or InO-coated glass substrate with photoconductor layer is then immersed

in the wax solution and withdrawn ,it a rate of 5 em per second. When the protective barrier is de-

sired, it is applied as follows: between 0.15 and 0.30 g (depending upon the desired thickness) of
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HOLOGRAPHICALLY
DEFORMABLE

SURFACE

(OPTIONAL)
STORAGEMEDIA ACRYLICPOLARBARRIER

(MICROCRYSTALLINEWAX) (ELVAClTE2013)

I, ,I ,I,,1,,I,I, I, I

",///////, ",,'//////
PHOTOCONDUCTOR TRANSPARENTCONDUCTOR

(PVK) (TI'C OR 1nO)

SUBSTRATE
(GLASS)

Figure 14. Microcrystalline wax device structure.

Dupont Elvacite 2013 is dissolved in 5 cc of acetone at a temperature of about 60°C; 50 cc of

ethyl alcohol whose temperature also is about 60°C is then slowly added (drop by drop) to the

5 cc acetone solution; the substrate (1_IC.. or lnO-coated glass and photoconductor) is then sub-

merged in the composite acetone-ethyl-alcohol solution and withdrawn at a rate of between

2.5 and 5.0 cm per second (depending on the desired thickness). A very-high-quality protective

coating chemical barrier is produced on the photoconductor, which does not contain any dis-

cernible defects. It is found that only the #2013 resin is practical. Lower-molecular-weight resins

do not dissolve in usable solvents, and higher-molecular-weight resins have incomplete molecular

saturation which detrimentally and irreversibly polymerizes and crosslinks to produce non-

erasable holograms. This occurs because of the same fatigue mechanisms discussed earlier; only

in this instance it occurs in the barrier layer with Elvacite resins of higher molecular weight than

Dupont #2013.

Although the fabrication recipe described above has been found satisfactory, additional

process development work directed toward improvement of surface roughness is highly desirable.

The surface of the microcrystallinc wax as presently depo._ih d contains many microscopic im-

perfections which serve to scatter incident laser light. Figure 15 is a photograph of the readout

of a 16 × 16 checkerboard patteru from a hologram stored in microcrystalline wax, in which the

scattered light is easily visible. Several techniques exist whereby surface roughness could be sub-

stantially improved, m_d the random scattering greatly reduced.
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Figure 15. 16 × 16 checkerboard readout with scattered light.

D. Surface Charge

1. Corona discharge. -- Experiments were performed and measurements taken which employed

two different methods for supplying charge to the wax surface. The first technique used a corona

discharge device, while the second method employed a urique, space-charge-neutzalized, demount-

able, glow-discharge chamber. The corona-discharge device consisted of a simple corona-discharge

needle, which was separated from the sample by about 0.6 cm. Typically, a voltage of about

5000 V placed across the needle and the transparent electrode of the sample was adequate to

produce a corona discharge of about 5-10 pA.

2. Corona properties. -- Even though the distance between the needle point and the deform-!

able wax surface was controlled, and the corona current monitored, the co_na-charging method

" with a single, unshielded needle contains characteristics which are undesiratfle. For example, the

rate of charge and electric field intensity across the deformable surface tend to be nonuniform.

In addition, dielectric breakdown occurs between the wax surface and the transparent electrode

unless a control grid is employed and placed with about 25 _m of the surface. Unequal mechanical

forces also exist along the surface due to bombardment by ionized air molecules within the non-

uniform corona-discharge stream which can cause adverse effects; and thermal instability some-

times occurs because of interaction between room air currents and the cooling effect associated

with the corona discharge. Although many of these deficiencies can be circumvented through the

use of techniques discussed in a later section, another approach to the problem was found which

proved useful for the acquisition of data over a wide range of experimental conditions.
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?. Demountable glow dischargt, elmmh,,r -- A uniqm,, demountahh, ehamher waf_ dew,hqmd,

in which Lhe surface potential of the wax wa_ (,(ml.rtflh,d by ,,c_ntr_flling l,hp l).terfl.ial ermrgy " P

the irmrt ga_ moh,cuh,_ within n _paee-ehllrge neutralized gh_w dit_ehm'g_,, The t,hmnlmr i_ illustratpd

in Fig, 18, and wars maintained al rethwed (- 112 mm 1114)pret_surp, The inert alm_)sphere pnwided

SUBSTRATE, ETC.OF
HOLOGRAPHICSTORAGEDEVICE

_.\ BATTERY(DC SUPPLY)

IIt---'I''FORTtlERMALBIAS

' ZNSUUATEO ---[ ZNSULATED

X 1 (Nz) }_/ I
GUOW I

VACUUM I _ ] J "=

CHAMBER zDr,._I,._u,._ ['_ BATTERYFoR/DCBIAS(DC SUPPLY)

Figure 16. Space charge neutralized demountable glow chamber.

an environment free of ambient fluctuations. This letter feature proved to be of great value, and

in several experiments permitted the practical maintenance of a stable temperature bias on _he

holographic wax storage media.

4. Chamber properties. -- A residual bias was found to exist in the chamber, which was

reduced through use of a lower-molecular-weight gas (argon}. Improvements in control of the sur-

face potential were obtained by increasing the frequency of discharge excitation from 60 Hz to

30 kHz. Confinement of the ac electric fields to regions removed from the deformable wax sur-

face was achieved tl,ough design and construction of an all glass demountable tube. Figure 17

is a photograph of one such design used in earlier work with smaller substrate samples.

5. Chamber design. -- The design of Fig. 17 reflects a major improvement over earlier

versions in that all contaminants including glyptal have been eliminated from the chamber. This

was made possible by having all electrical connections to the sample external to the tube, and

installing the sample in a manner whereby only the microcrystalline deformable surface is ex-

posed to the space-charge neutralized discharge. This method of sample installation is illustrated

in Fig. 18. As shown in the figure, the coil supplies the ac voltage necessary to maintain the

ionized state of the it,,rt gas, whereas the dc battery via the center-tap on the ('oil is used to con-

trol the potential at the wax suffrage via control of the potential energy of the ionized molecules

referenced to the transparent electrode.
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Figure 17. Photograph of 'all glass demountable glow chamber.

TRANSPARENT
ELECTRODE

SUBSTRATE

_ PHOTOCONDUCTOR
BARRIER

HOLOGRAPHICALLY
MICROCRYSTALLINE DEFORMABLE

WAX SURFACE

+V

Figure 18. Sample installation on glow chamber.

_. - E. Experimental Results

1. Diffracted order,. -- Many experiments were conducted using either the corona-discharge

devices, or space-charge neutralized chambers to provide charge, to the wmx surface. As a result of

these experiments, the fabrication recipe discussed earlier was found to be satisfactow, and wax

thickness of the order of 1 #m were shown to be adequate. Microcrystalline wax films were

fabricated, and two-beam holograms routinely rccorded which exhibited ninth-order diffracted
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b_,am_. 'l'h_, .Xl.,rhm,nl,al llrrmw, vnmnt lm_,o_ary I._) r._,_rd _tlt'h hoh)grmn_ i_-;:_ll_Jwll ill l"ig, 19.

Th. diffrm,t.d .rd.r_ 5'_ml _ l.ypi_'_fi '2,5-t'm hy 5,0-_,m fmmlfi_' _m, _h-wl_ in I,'ig, 2(IA; Ii hml.,,_,r

v_p_mnr_, him hv_,n mado in Fig, 20P. 1,_ _lmw thv m,l_ml I_alh _DI'llw dil'l'n.'l.d h.-.,r lighl,.

DIFFRACTED _ VIEWING

LIGHT -- -.... -._ -...... SCREEN

!

GLASS

CORONA_ IflO
NEEDLE PVK,,'5 kV

,MICROCRYSTALLINEWAX
BEAM

I, 'ISPLITTER MIRROR He-Ne6328A
I ,','1mWLASERMIRROR

Figure 19. Experimental arrangement for microcrystallino wax
hologram recording.

.2. Thermal bias above threshold. -- Although numerous holograms were recorded and

erased using corona-discharge devices, the use of the space-charge neutralized chamber permitted

holographic read/write cycles under a valiety of conditions not otherwise possible. In one in-

vestigation, a constant-thermal bias was maintained above the temperature of wax-surface deforma-

tion and the surface potential was controlled through use of a dc-voltage bias applied to the inert

gas discharge. Holograms, which were observed with both reference m_d object beams simulta-

neously present, disappeared upon removal of either one of the two beams; the holograms also

were made to disappear upon removal of the de-discharge bias or the ac glow discharge excitation

voltage.

3. Thermal bias instrumentation. -In other work a constant power unit was designed and

constructed which multiplied the heater voltage and current appli(,d to the transparent electrode,

and maintained this product equal to some constant preset leve.l. The constant-power unit had

provision for a dynamic mode in which it was electronically disabled over time periods ranging

from Wns of microse(_onds to tens of milliseconds, during which narrow-heat pulses were super-

imposed upon the constant-thermal bias to yield controlled narrow-Wmperature excursions with-

in the deformabh, wmx media. This and other instrumentation used in the exl)erimenL_ are shown

in Fig. 21.
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4, Th,_nnal hia_ bolow thr_ahol¢!, In ,m_, oxporimont, 111,,mi('r, vry_d,allino wa× wa,__L

maintaln_d at a vont_tant-thormal bias ju,l I.,lwath it_ moiling toml.,ratur_,, mid a vurront Ilwl,ll

pul,o appllod t[} tilt, trannlmrt_nt oloctrodo ()w,r an inI_,t3/td-f I rl ira,v, l llldt_r tlm_fotqMldJi,jt|lllt, I!

hologram whlvh had linen previously alerted in the wax wa_lohflorvod not to _ra,o, The ah,onv_,

of _raaun, of the provimlaly stored holugram .w,r thitt t,imo I.,rtnd, and al the h,vt,I .f applied

I.)ws'r (Ul} Lo 1,5 A tntc.)100 ohmn), indb,ai,od thstt,tJtirfavo rt,titoralittrl ,tf l,lw mivr,.v_nt.llitw

WIIX OCCUrfl OVlW hik,,rVlllfl of I,imo Ionl.l_or thlln |0 pllOV. 'l'htt_roatllt wflli I;lll)tll|ll'lti|ltl'll ill hdor wtll'l_

ill which m(qll4tlrl'_ln(,,n|,14 wl,,r(_ tllkOn of |,ho rohll.lollllhilt hl'tWlqqi |,hi' holll,-Iluhw' Illnlllil.lldO llllll IIolll.

l}Ultff ' dnrfltJoll lll,_(,'Pt_slil_ to WFi[4' And v,rat¢l, htflilgram/} ill l,hv microl_Wt4tallllw wax Inr, tJJt|,
i

_. Ai.)sellt:(_ of fatigue. _-' [lshlg a ,,OrOlll|.dit4t,harg(, (l(,vi(!(, lind |.he, (,Xl.,rlmt,ntal tlFrlill_tqil¢,ll|
t ill

of Fig. 19, experiments were performed uninterrupU,d ovvr a 3-day period in ()rdor t. ovahmio

what fatigue, if any, would appear in the mi('rocwstalline wax. A ('orona dist!harg(, was vstal)lishod

and maintained continuously over this period during which two.beam holograms were successfully

written and erased using repetitive heat pulses of 5-msec duration spaced scw,ral seconds apart.

Well over 7000 mad/write cycles were performed on the microcrystalline wax storage medium

with no discernible fatigue. This experiment confirmed our expectations, and provided additional

support of the conclusion_ in regard to material-fatigue mechanisms discussed earlier.

Unlike the room-temperature vulcanized rubbers, microcrystalline wax may ix, regarded as

incompressible m the regime over which holographic deformation occurs. In addition, surface

rather than elastic energies interplay with the electrostatic energy to yield a surface contour for

which both surface and electrostatic energies are a minimum. The condition for a stable-surface

deformation is shown in Appendix A to be

Ws> 4_do-e V2 (7)

where Ws is the surface energy, d the period of surface deformation, so the wax thickness, and

V the potential along the wax surface. It is shown in Appendix A that the onset of frost in the

wax occurs with periods longer than d and that

soT)l/2d > _oo (2el (8a)

for k so << 1

4_r_:1
and d "-- .......... r (Sb)

" 3 o02

for ks o >> 1
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whoro "n ii_ Ill,, _urI'a,'_, ,'hlu'i__odoll._fily, and T lh,' i_nrl'm'_, l,llOl'b.%'IJlq" lillil iiI'Iql. 'l'hu_, f, Jr hlrIJ,,,

vllhloli tlf t,'¢llx thit'l_n,,_,_ t_, lll,, I'r, ml :qli,iqrilm ils hllh,lli,lldl_lll _jl' lhl, llli,'kll,,_:,, whih, f-r :;lltitll

vlllslort (if' lliil'kllt'_, Iho Iflllilillt_ I'r, ll;I Wilvl,h,lll-_lh dl,?l'olll_l,ll wilh llu, li,llliir,, I'_llll ,ll" "ql' I),,l'illillp,

Ill,, dioh,i'lri,' llr,,lll_ililwl/ I;Ir,,l)t_lll ill' lh,, wllx ll,i I,',H V,J,_,i, Allll,,ll_ll:, ,\ I;iv,'!_ II1,, ,ilittlilily
i'l'il,q'i_ili I'lir i'l,l.lirlliilt_, Illililt(l'llllill ill Illi. tlVll?4I1,,I. i711 Ill lt'rlllh ,ll' Ihl' lil.r illlll ill'lql _,llrfill't' 1,1,'rlf,V

ill thl, Wll_ ltil
II

T 'J (Ill
,,l liiltl l li I

#

Ttiktlll I llii Itllll, II III I, lillll Eli: III '7 V/ni, Iltlil T 4.11i*''l' ,I/In ll' I'llr iiiil.rlil,r.villlllliiu. IA'lik, llil,
t Ii41alliltty t'riterhili inillil_l,cl li,v I,II. llti bl tltilit_l'il,iI li,v tilllltil lill lli'lh,i, ill' ilial_iiiliilh,, Ih_wl,vi,i', ll_;

the t(qliliiq'lituri, is iill,i'l,ll_lltll lilulvl, (hi, 14(ll'l,iqiiill_ llllilit, liii iil)l'lllit lil)lililii,ilr (h,t,l'l,li._l, hi thl. _;iir
i II'lice i,iil,rt_ T (ll'l'lirs, lill(I Ihe elill,_trailll, hllllil,<Ic(I ll.v hq. Ilii i_ nil hlii_l,i' aillh,ililill,iI tll hi,hi.

6. l)il'l'riu'til_n cl'fieielie7 vei'su_ helitollUll4e iinllllil,liih ,, in (ir(h,r I.o (,viii(Jill,l, Ilil, ,<dihil ly

criterion, iis wNI as tio_ihh , charge hiss title to illereasel4 ill eh,ctrit'td (°()ll(hli'livily lii' Iht, wax with

tenllierature, siilgle liult_t,s ()1'heiit were llllllliell I(i {lit, wax ll) pul,_ing Ill(, l riinsliar(,lit oh,el, r(i(h,

with vi)lt,ug(, pulses of i,tllltrollcd ainlilitude. Measur(qll(,nts werl, i,aken iJl' t hl, lntcnsily ill' thl, t'h'._t-

order diffracted beam t_ a ful_('tioll (if heat-liulse voltage amplitude ftir each of several hcat-l)ulsc

widths ranging tn duration from 6 to 10 mscc. l_qgure 22 is a plot (ll' tho dalii, whirl't! for a given

width of heat-pulse dural, loll> the diffraction efficiency is seen to first inert,asc with increasing

heat-pulse voltage, reach a maximum value, and then decrease as the t(qnl)erature is increased

further.

7. Diffraction loss versus surface energy. -- The initial increase in first-order diffracted out-
i

put is caused hy the reduction in viscosity (surface energy) as the wax becomes softer. The de-

crease in output efficiency beyop.d a certain value in heat-pulse voltage may be attributed to

either or both of two effects: (1) a reduction in surface charge density (o o) due to an increase in

, electrical conductivity with temperature thereby reducing the net surface forces, and/or (2) a
dreduction in surface energy below a value adequate to satisfy the criterion imposed by l_q. (9).

Since the measurements were conducted using a corona-discharge device of copious emission

(_2 #aA/mm), and since the decrease in output efficiency is seen in Fig. 22 to be quite abrupt

over a comparatively narrow increase in heat-pulse voltage (~2 %), it seems doubtful tim( a sharp

increase in charge loss occurred in such a narrow temperature interval above and beyond that

supplied by the corona discharge. This conclusion is also supported by other work in which in-

dependent measurcnaellt.s of the electrical conductivity of the wax with temperature were made

showing a maximum increase in conductivity by a factor of five over a temperature range uf

about 40°C. Tlae conclusion therefon; is that the abrupt decrease in the first-order diffracted

intensity with heat-pulse voltage, is most likely due to the nonlir.ear decrease with temperature of

the surface energy ()f the wax to a value insufficient to satisfy a stable surface contour IEq. (9)1.
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,8. Response time. -- Of interest in the data is the decrease in diffraction-output efficiency

with decreasing duration of the heat pulse. Analysis of the heat flow to and from the wax dis-

cussed in a later paragraph indicates that the maximum output efficiencies shown in Fig. 22

appear to occur at somewhat lower temperatures as the heat-pulse duration shortened. This means

that the diffracted-output efficiency for the same temperature of wax is lower for narrower heat

pulses. One explanation for this phenomenon is that the duration of the heat pulse is comparable

', to, and approaching, the ird_erent response time of the wax. Experiments done at heat-pulse

widths down to 0.5 msoc show the response time of the wax to be of the order of 2 msee.

9. SurfaceLenergy versus chemical additive ,. - The speed with which the wax respond_ toii

the electrostatic surface forces depends upon viscosity and surface energy. In order to evaluate

this factol in greater detail, work was initiated to find a material which when added to the micro-

crystalline wax would produce a substantial increase in the surface energy near the softening point

of the wax. Dupont Elvax 310 was ,elech:d as the additive and samples were fabricated mid

evaluated. The results from these experiments are shown in Fig. 23. Note that although the initial

first-order output intensity for a heat-pulse duration of 10 msec aF )_ars smaller than that of

Fig. 22, _hey are of comparable magnitude due to the change in scale. The data shows a siguifi-

cant improvement in response time of the microcrystalline wax with the diffrach_d-output effi-

ciency increasing with decreasing duration of heat-pulse width. The data indicates the response
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4o do _n 're Be 90 leo uo I_o tao 14o i_o too
HEATPULSE AMPLITUDe.(VOLTS)

FiRure 23. First order output versus heat pulse amplitttde for
microcrystalline wax with additive.

time to be considerably lower than 1 mb_c. However, additional tests revealed that after many

repetitive cycles, the additive produced material fatigue due to corona discharge, induced poly-

merization and crosslinking. This was traced to incomplete molecular saturation of the Elvax

_dditive.

,10. Heat-pulse amplitude versus heat-pulse duration. - A thprmal analysis was done on tbo

h,_at-pulse amplitude and duration necessary to produce a given tempemtu_ in the wax coating.

The analyRis is given in Appendix B where it is shown that, to a good approximation, the thermal

.............. ,_;ti'u_Jult (I) overenergy (Wt) necessm_" to produce a given temperature is roln*_d in *he *_,_- a --:- -

which it is applied as

W2= C'r (1(,)
t

where C' is some constant. Since the power in the heat pulse is simply the square of the voltage

(V) divided by the resistance (R) of the transparent electrode
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V2_
Wt _ --_ (11)

Equations (10), (11) therefor_ gtve

V4_ = constant _ C'R 2 (12)

Measurements were taken to experimentally determine the relationship of the heat-pulse amplitu(h,

and duration necessary to write and erase holograms in the microcrystalline wax. The data is

, summarized in Figs. 24 and 25, which are log-log plots of write and erase data, respectiwly. The

6O0

400 VeT0'377 • 7.94

4O

2O

|0 i i i i i i i I | I I | I I I A |

0 1.0 I0

Figure 24. Plot of heat pulse write amplitude versus pulse width.

write data consists of the measured heat-puise voltage and duration necessary to write a hologram

in the wax storage media; the holograms were erased using a preset-erase heat pulse. The erase

data consists of similar measurements in which the holograms were written using a preset write

pulse. The data of Fig. 25 shows excellent correlation with Eq. (12), i.e., V_0"27 = constant.

The slight departure from the fourth-power root evident in Fig. 24 is not surprising since both

thechargeleakagetoldsurface_nergyeffect_discussedearlieralso_laya role.
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Figure 25. Plot of heat pulse erase amplitude versus pulse width.

F. Microcrystalline Wax Summary

A class of organic materials consisting of complex mixtures of normal paraffinic, isoparaf-

finic and naphthenie solid hydrocarbons has been found which exhibits no discernable molecular

structural change during repeated liquifieation and solidification. Commonly referred to in industry

as mierocrystalline wax, holograms were repetitively recorded and erased at least 7000 times under

continuous corona-discharge exposure with no apparent fatigue effects. The unique physical

properties of the material derive from: (1) widely differing compositional properties of the

napthenes and isoparfine from those of the normal-paraffin series, and (2) a double-over self-

interacting hydrocarbon chain which ostensibly imparts an overall lower energy and stability to

the molecular system, and plasticity to the material as a whole. Other desirable properties include
a narrnw ~ 2-3 ° transition interval, adequate surface energy over this temperature range for stable

surface deformation, a dielectric constant comparable to the PVK photoconductor, good dielectric-

breakdown strength, adequate surface resistivity, low viscosity near the softening temperature,

good response time, write sensitivity and readout efficiency, photoconductor solvent compatibility,

and ease of thin-film fabrication.
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V. li()hi){ll{APIII(' ,_'I'()I_A{IE 'I'IIlW,._

'l'ht, mw_.t,l_lfful (h.,w,hJlmmnl, _ll' l,h4,mi_.rqwry_l,illlim, wlix ll_ Ii h_d_l._rlll_hi_'-_l,_)rilg_,illt,(litlli|

IlSl,l'tll Iil_ IlliIlh_lII. [.Ollll)lq'll'llrp_ (" ,1()-.15"(?)Illl(i Olil'I'l._i('S (-I() 7 ,I/llllll) rl,ialili,d ill ilI_ al)Plil'a*

l,i()n f(ir tlHO in h()l()l_ral)lli(,-|'(,('()rllhll_ I,HI.,_. Tuin,_ c_l'vllril)l.ll-; i'(lllril{lll'Illi(Hl._ Wlq'l' (llii_il_Ill'd,

(,()lt_|,rll('l,(,(I (i11(I i,valtllltt*(I ill whi{'h _,h,q.trt_l} Ili,|ll,hll_ mill I)h()liil'lili(hll'l,ivl * Illi(I I)h()l,(JOlilili_iiv('

IllOc'hani14111s were Clnl)ll)yo(I hi ('()lljLIllc'iJI)ll wil,ll I,h(, wax _,l,iwlij{o IllC(Jllllll.

hi line iliSl,tlliCe, sl,ilylil,lil,l' was tl,_l,(I IIS 11 v_,hh'h, 1,() (,vtlhltll,i, il (ll,ln(illntlllll(, vac'Utllll ('hanill(,r

using ii thi,rnliollic enlil,l,er f()r (,lei.l.riin h(,ii|,illg. Thl, tlS(, (if stayhl,lit,e ils li st,iii.llgl, nlaLi,rial is in'f -

sentc(l in V()l. I of this rt,liorl,, and is therel'ore not discUliSl,(l her(,. AIt,hiiugh t,lil, nlat(,rial exhihits

fatigue lifter sevi,riil hui_(h'ed wril,e/i,rase cycles, tll/liart,iitly tlu_, to surface oxidal, ioil in conjullc.

Lion with bulk fatigue associateu with impurities, its use in l)oth the (llii, ical ln(,nl()ry system and

thermionic and photoeniission llolograt)hic storage tubes l)rovcd of value in system and tulle

evaluation. Photoemission mechanisms emph)yed botl_ for heat addressing, and as a means to

charge the deformable surface were used in tubes of various designs in whicl_ microcrystallim, wax

was used as the storage medium. Complex styrene was successfully used in thcs(, tubes as a liar.

tier to isolate the wax from the high vacuum l:_ 10 -5 pm (_ 10 .8 torr)]. The styrene was suffi-

ciently thin however (_ 80 nm) to allow surface deformation of tile wax. The various holographic-

recording tubes are discusse(_ below, including a unique corona-discharge chamber in which holo-

[,,rams were successfully written and erased over a 2-cm by 2-cm area. This chamber together with

the microcrystalline-wax storage medium proved to be the most successful of all the methods

employed. Iteat addressing was accomplisl_ed using about 80 mW from an argon laser.

B. Thermoplastic Recording via an Electron Beam in a Demountable System

To examine the behavior of thermoplastics under electron-beam bombardment, a demountable

vacuum system, shown in Fig. 26, was built. This system iacorporated an electron gun, deflection

yokes, vacuum gauges, and a viewing window. The targets tested were thin (0.1-10 pm) films of

thermoplastic on lnO-coated glass substrates. The thermoplastics used were staybelite ester 10 and

a commercial polystyrene PS-2. Several experiments were made with a photoconductive layer

under the thermoplastic layer in an attempt to record hologrmns, but the mechanical vibrations

due to the vacuum pumps were too severe to acl_ieve success.

By using the electron beam to charge the plastic, and resistance heating the inO-coated sub-

strata,, frost l}attl,rns could be formed and erased. A magnified view of one such frost pattern is

shown in _'ig. 27. It is similar to frost patterns formed I)y convenLiunal corona charging in normal

thermol)lastic recording. The clmrge needed to form the frost was approximaWly 10 -5 C/m 2. The

accelerating voltage lind tu Im kept below 3 × 103 V for efficient frost formation. Voltages higher
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i Figure 26. Photokn'aph of demountable vacuum system.

ij,r

Figure 27. Frost pattern due to electron beam charging.
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than thil_ h_d to tdectron penetration too far below tile surface, of tim plastic t. be uH_fui ill d_,-

forming the film. It i_ noteworthy that tho tmnt_tration do,ptb of _d_ctrt)m_ iu given Ily h _ 0./)2 V 2,

wlmr_, h in the penetration depth in pm and V il; the, a(,coh)rating vt)ltagv in kV. l,'.r at_._.h,rati.n

voltages loan than 3 x 10 3 V the, tmm,i.ratiol_ dt,pth i_ lena than lO0 nm. whih,, for (,xaml)h', an

a_,_'_,loration v/ill,ago _f ]0 d V would imply Imm,traticm tlopLhn of gr_,atc,r than I pnl --t_J'oIIh,r lhl|ll

the film thh, l_nt,_ in home, _,xporimonl, a.

TIm pronsuro in tIm system wan _onstmifly monitor_,d and it was l'om_d thai. in the inil,ial

t.ycles, the pressure increased by several orders of magnitude It.g. from 10":1to 10"1 p m (1 0 4; 1,t_

10 .4 torr)l. After several thermal cycles, the prt:ssuro variationn decreas_d. 'l'h(_ pr(,ssur(, variations
i

are probably caused by material evolved from the plastic during ileating. Although the amount of

material evolved could be limited by preheating the target, the implication of this experiment is

tlmt the problem of maintaining a vacuum in a sealed system using this material would t)c severe.

The temperature of the target was monitored by means of a thermocouple. It was found

that after a heat time of 1 or 2 seconds it took several minutes before the target cooled to its

initial temperature. This is in agreement with the analysis given in Appendix B.

C. Electron-Image Tube

One of the methods examined to obviate the need for redundant selection of the page on the

storage plane (that is, once by light and once by heat) involved the arrangement and stru::ture

schematically shown in Fig. 28.

, BEAM
' SPLITTER_ _ PHOTOCATHODE TARGET

_ _[_=,_IPHOTO
._ _" 'CONDUCTOR

-" ' _._..._ ._. i_CONDUCTING..-" / -"GLASS
_,/ //

I_IICRO$COPELAMP

Figure 28. Experimental arrangement using electron-image tube.
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The stt)raIW Idaho was a t,t)nvonLionai, Lhormcll)hmti(,-i)h()tou(mdtwtt)r arrangolnoni, and i,ho

roct)r(linl-, prt_,os_ invtflvt,d Lilt' usual sit,ira of _,hargt,-OXlm,_o-f,hargv and ht,al.. In l,hi_ t,Xl.,ril_ c,nl,,

ht)wovor, l)(}th _,harging anti hi,sting wore throe wil,h iiII oh,t,l,rtm hiqlln golmral,od I)y phot_mmiasitm

fr(_tll a ifllt_l,_.'a/,ht)do,

The q,sseni.ial si,ructuro is that of a proximity4'_Jt:ussod oh,t,trtm-imago tul.,, with 1,he 1,argot

heing (,Iw tllerln(qdastit,.ldlOtt)von(lut.tor ctuldu_,tiw,.sul)stratv Ilrranl,qqtmllt,, 'i'lw l,ul., is eL)siLl(meal

st) thai, Llle rolL,rent,t, Iioam is t'oa×ial with Lilt, till)(,, anti thLIs paralhd I,, tim oltwl,rit, I'iohl }_(,l,wet./l

tilt, targeL Iul(! plmtocaLh{tde. When t,he rereren('e I)eam Is int:itlent till tile (.arget (mid Lilt,refer(,

, also on tilt, l)llotoeathoth,), eie(!trons are gent,rated (,hat are at;t;elcratt!d to a|l(l land at th(, saint,

location on th(, target. At h)w at_t,elerating voltage (of the orde.r of 500 V) timse t:lectrons do lit)t,

penetrate IOut'h I)elow the surface of the tlwrmol)lastic. This stru('ture allows a simple means to

r selectively (,harge a l)arti('ular location ()n the storage plane. To ensure that the ahsorl)tion of the

electrons d{)es not cause heating, the accelerating voltage is kept low (< 500 V) and the current

density is limited l)y using an attenuated reference beam. To heat the thermoplastic, which is

necessary to develop the hologram, the accelerating voltage is increased (< 2000 V) and the inten-

sity of the reference beam is increased, which leads to a corresponding increase on the electron

beam in_nsity.

Several experiments were performed to investigate the feasibility of this structure. The

targets used consisted of a 600-nm thermoplastic (staybelite ester 10) layer over a 2-pm photo-

conductor (a poly-N-vinyl carbazole doped with trinitro-fleurenone) layer which was deposited on

an InO-covered glass substrate. The size of the substrate was 2.5 cm by 2.5 cm. The target was

mounted to a window of one of the otandard RCA image tubes, and the InO was connected to

the end ring of the image tube.

The tube was sealed and the window opposite the target was activated with standard cesium-

antimony layers to form a S-ll photocathode. The tube was baked at 75°C for about 24 hours

to remove some of the contaminants. This low bake-out temperature was used to avoid possible

damage to the staybelite-thermoplastic layer.

The photoelectric sensitivity of the photocathode was measured to be 2-5 mA/W, i.e., about

one-tenth of that normally obtained in this type of image tube. The decrease in sensitivity is due

both to inadequate bake-out and impurities introduced by the plastics.

Because of the low sensitivity, light from a microscope lamp was imaged at the photocathode

in the initial device feasibility tests, thereby avoiding switching of the reference beam intensity.

The auxiliary source was imaged at the same location on the photocathode as the referenee beam

and at an angle, so as to minimize its effect on the photoconductor.

Ilologram_ were stored in '_he device by simultaneously applying light and charge while

heating the film. A low voltage (< 500 V) was first applied to the tube; the voltage was then

4O
h
I
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quickly increased tc_ the order of aew,ral tlmu_and vcflt.s, l)ur!ng this time, the {_l)jt,{,I.and rpfi,r

once I)eam_and the auxiliary lamp wpre kept t,onstllnl,.

Thes0 expprimenl.l_ were r0ppal,ed IltlFllprc)llStime,s with a I1LIIIiIIPr _lf diffel'vnl lul.,_-;, '1'1_,,

results were repeat,abh,. The stleeet_sftll rm,t_rding of ]l(flnf.t,ralnf4 i:l [,he devie,, d_,monaf,ral,ed _ f,e.h.

nique for n()ll-rpdtlllthlnt ltoh,(,tioll tlf t]lt, stnrage.phme hwatitm, Figure 2,q _;httwt;a reeqm,%rtw

tion from a hologram formed in /)lit' t)f [,lit' i,/IIIPS,

Figure 29. Electron image tube hologram reconstruction.

The stored holograms were quite weak, with an efficiency of less than 0.1%. The ma:,imum

efficiency, with one exception, was independent of: (1) tim accelerating voltage, (2) the duraticm

of the expostwt,, nnd (3) the amount of light from the auxiliary source which ('ontrolled th<, (,h,('-
tron current.

,11
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The lufic_i_um_l,hI|twprp l'_fflllPtlworp llCfl,erIi_lilfle,N_ e_mllfinnthm_f lw_,t,h,rld,illf_w_Itll_p,

hpllnl 0tlrrpnl., _)r h,llgMi _f t,Xl_,sllrt' h,d I._ even il _;nllfll dpgree _}f pr;lsurp. Pl_,w Ii_fl_Jl-;rmn_;ecHihl

he fi)rmed on neils,hht_rinl_ rol_i_ll:; t_l"I.he nmnp l.llrl_,l, I_lfl. lhp_;p I._JcJe_mld I|tfl. lit, erilspd.

Ill)tin r4,1_t,lll,_,cl_l_erifl,i_m l,lle l,uho wolff, I_,_y; l,htfl, it;, thp i_rp_;m_re in I.hp l,ul_e wpnl. I'r_m

il._ inil.ilfl value _ff h,_s l,lmn ](I ;I i_ln (1(14; l,_rr) I,t_ _ wflHe _'1_;;_, 1,_ _flm_mlflmri_'. 'l'h,, il_il,ilfl

imti_'tfl.i_m of this e_mdil,i_m wm_ the _q_l_em'mwe _1' l_ l_lighl, blue I.lh_w in I,hp I.HI_p(_lHe I._ _ Ifllmml_),

Wlli_'h bet,lllnl, inort, illl.t,llSt, llS _pprlll,i_m was i,iiiiI,illlll,(I, The Illlli.Illlll I'il|l|lly I_,_':_11|_,1._ _h,ll_;p 1._

supporl, an electric field aer_ms the tube. Ihflt_grmu_ c_uhl I_, fi_rmpd even in the i_res_,ne_, _1' this

plasnm, as long as an eh,etrie field could be SUl_pt_rted across the tube.
t

The operating lift, ol' t,he tube was 1-2 h_)urs. The shelf lift,, that is, the lifetime _1" the I.ube

when it was not operating, al_peared to be unlimited. This indicated thai, material ew_lved from the

thermoplastic under electron bombardment and subsequent beating caused tilt, ttll)(, to I_ecome

gassy, l,ater experiments with a demou_,_:tl)le tube demonstrated that a consideralfie amount (ff

material does evolve from the staybelite thermoplastic due to both heating and electron boml)ard-

ment.

The low efficiency and the lack of successful erasure are not coml)lctely understood. ()ther

experiments have demonstrated that the cesium used in activating the tube is adsorbed by the

staybelite, and it is therefore reasonable to suppose that a change in the electrical resistivity caused

by the cesium led to the low efficiencies observed, i.e., the film could not he sufficiently charged.

Chmages in the chemical and physical properties of the staybelite caused by the cesium and

electron-beam bombardment (:an be assumed to be responsible for the lack of successful erasure.

Since other materials, notably microcrystalline wax associated with complex styrene, have been

found which withstand the ravages of cesium attack and electron beam bombardment, the exact

nature of the chemical, physical and electrical changes was not pursued. However, the concept of

hologram formation in an electron image tube was demonstrated, as was automatic selection of

a page location with no additional selection mechanism.

D. Photoconductor Holographic-Recording Tube

1. Photoconductor tube description. -- In order to hake advantage of the high sensitivity and
i

readout efficiency of the microcrystalline-wax storage media, and also the automatic page selection

possible using image conversion principles, several tubes were designed and constructed containing

holographic storage structures of the kind illustrated in Fig. 14. The storage structure consists of

an lnO-coated glass sul)strate, PVK photoconductor, microcrystalline wax, complex styrene coating,

and aluminum surface electrodes. Although the styrene and surface electrodes arc, absent from

Fig. 14, the entire structure, together wi_h a recent photoconductor holographic-recording tube de-

sign is illustrated in Fig. 30.
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Figure 30. Hologralfl_ic recording tube design.

As can be seen in the figure, the storage structure is at one end of the trine; a photoemissive

cesium-antimony layer was deposited on the TIC-coated face oi the tube oppositr the storage de-

vice. A thermocouplc was mounted behind and in contact will1 the glass suhstratr, and an anode

collector was placed near the wax-complex styrene deformable surface. The mmde collector was

employed to measure secondary emission from the deformable surface during its bombardment by

electrons photoemitted and electrostatically accelerated from the tube wall opposite the storage

structure. An electrometer connected to the surface electrodes together with secondary-emission

measurements were used to measure the potential of the deformable surface. Figure 31 is a photo-

graph of one of the tubes in which another TIC coating was deposited ulong the length of the

tube. This second TIC coating was deployed lengthwise in the tube and about its interior perim-

eWr, and connected to the lnO transparent electrode of the storage device. This latter T1C layer

was used as a focusing electrode and enabled electrons originating from the photoemissive tube

wall, due to the incident laser beam, to be focused at various locations on the deformable surface.

.2. Cesium contamination. -- The TIC layer along the tube wall was also coated with a layer

of silver paste which served as a getter to pr(,w,nt resi:_m released from a channel located at the

photoemissive end cff the tube from contmninating the storage device. Howew,r, in spite of these

precautions cesium did reach the d_:formable surface and caused electrical leakage paths between

it and the lands connected to thr InO transparent electrode. These short circuits were sufficient

to prevent the surface potential from climbing above ._,10 V under ccmditions of maximum photo-

emission current (_250 pA). Attempts were made to use the surl'ace electrodes to sustain surfac,,
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Figure 31. Photograph of holographic recording tube.

potentials of the order of several hundred volts, i.e., levels adequate for holographic recording.

An external battery was connected to the aluminum electrodes, but excessive ohmic heating caused

discontinuation of the experiment.

8. Pa[_e selection. -- It had been hoped that the holographic page could be selected through

heat :;,lpplied by photoemitted electrons via the light selection mechanism itself, thereby elimi-

nating the need for matrix-type ohmic heaters, and the additional problem areas that they en-

gender. In addition, the automatic thermal page selection would have provided a minimum heat

loss because of the concentration and dissipation of heat exactly at the desired page location.

These advantage_ did not materialize, however, because of the electrical leakage paths incurred

gh_"ough contamination of the storage structure by cesium.

E. PhotoemissionHolographicRecordingTube

I. Pa_eselection.--Severaltubeswere designedand constructedinwork orientedtoward

I!,.erecordingofhologramsusingphotoemissionfrom thedeformablesurface.In thisapproach,

two photocathodesareemployed inthetube.One photocathodeismade intheusualway by

depositinga layerofantimonyand cesiumon top of theTIC-coatedtubewalloppositethestor-

agestructure.The secondphotocathodeinvolvesa more complicatedprocedure,which resultsin

a very.high.impedancephotoemissivecoatingalongthesurfaceof thedeformablemedium. The

photocathodeatthetubewalloppositethestoragedeviceprovideselectronsinresponsetothe

incidentlaserbeam, which areelectrostaticallyacceleratedand focusedata locationon the

deformablesurfacedictatedby theparticularaddresspresentatthelaserdeflectionsystem.The

heatdissipatedatthislocationdue to thebombardment of theseelectronsthuspermitsautomatic

44
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page selection. The photoemissive coating on the ntor[_godevit',) provides the meanr_ f,)r ,,ntahli_h-

lng a charge pattern along the deformable mtrfat;e in a on,_-to-one relation to th,_ hol,_gral_hi,r-

Intensity pattern caused by the lnterferent;o of th. obj_:c.t and rel'_ront,e h,amm ('rh. i)h_Jt_._ll.

ductor layer of previous systems wan an alternative way of o_tahll_hlng that, c;harge pai,t_,rn.)

2. Photoemissive_ deformable__ surface... - The l_rohlem of creating a ph_d:_}emlm_lw__.oating
along the mlerocrystalllne-wax surface turned out to be formidable because of the poor vapor

prtmsure of the wax, and the propensity of detrimental c;i_emicai reacti.n be|.weell It I|ll(I the

cesium, it wa_ discovered, however, that the moh;cular saturation present in the t_omplex._tyrone

films (discussed earlier under material fatigue) enabled the_e films to r0maln cqleml_.ally staldo
t

when exposed to cesium in high vacuum with no discernible reaction between the styrene, a|ld

the cesium. Therefore, proeedure_ were developed for polymt,,rlzhag and cros_llnking the styrene

directly onto the surface of the microerystalline wax. Tub¢;_twere conatrue_d which contalnt_d

the composite wax-complex styrene structures, and techniques were developed whereby a photo.

emisslve coating was deposited on the complex-styrene films. These teehniqu(;s permitted opti-

mization of the photoelectric sensitivity of such coatings. Figure 32 is a photograph of one such

tube in which the photoelectric sensitivity was measured to be 23 mA/W at 400.am wavelength,

and 6 mA/W minimum throughout the wavelength interval from 350 nm to 550 am. Figure 33

is a plot of the measured sensitivity. The tube was sealed at a pressure of 10.5 tam (10 -8 tort),

B

_J

Figure 32. Photograph of photoemissive tube.
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Figure 34. D,+vice structure for use in holographic recording tuht,.

?. Surface resistivity. - All attempts at recording holograms by means ,ff the idmtt_,,mi._siv,'
mechanism from the deformable wmx-styrene composite surface failed. One reason f(_r th,, faihn',,

was due to the comparatively low surface resistance (_megohms/squarc). At typical levels of phut,_-

emissive ,.urr,,nt, it was simply not possiifie to maintain adequate surface putt,,,tial using only

pimtoemission.



5. lqml.pmb_ivp h,fl_,l_raphyvpr,_u_d,ff_Ji'nml.inn,_t.al)ilily.A_i,li_,'ii_;_pdin Al_l.,ndixA,

_daIflv ,'_.q'nrlnati_m_ r,,,luh'p I.hltl Ill,, ,,hlull-_p in _Stll'flli'p,,ii,,|'_,y llpl,,,titiill'V f(_i' ii iH,rlinn _I' lh,, filnl

lilll'fltl"'I()r,,a,'hlhp ll'IIllIiIIIIl"qIl,,h.'Ir,uh. wilhhlIihldl'-l.'ri(.l,fl'Ill,,IIII|IIWIII'XI'PPllllw ,,h,('ll'__

l_llfli,'I'III'I'ILV_,I'il-:hIIlll.v_;l_,rv,lillIll,.I;IIllli'Illdl'-JJVli,ifl.lhn._m/vr,lhl,,l,,Iilih,ildit;.'II;i_;i,iIlill

.tHq.,n_li._1',fl'l.hpl'l,,',,riliupi,if'Iiid,lgr.mti|lliill_iIIl_ll,fll.,Inil;lii_Jnliipl'hIllii,illltlhiiwlillIIIlWII_,II

I.Idllill.'dillyerii_,rh,_lill..Ii_iI'ioiI,l.h,,,,luu'goi_;,IiI'I',,n,nliMIydi_ili'il,uI4.IIfl,_np,lh,,_h,I'_rmlddo_iiir

l'lli'O lilll_ III liIilil(|¢qlli:i_iilIIl lII'II,'I'Ii!il'li,lilIil Illilill)l_,'lllIilllil}' l'pililil.rilHllpiI lwi_.'I,,Ill,,,mlIolid'_,url'l.'p

lllIlI,llIIl ,\.'_ ,llll_Ill;I,Iil'l'or,,nl,illl,'hm'flc,rillli lfli,fl,iH,nli_i_li,ul ,'lllTiqlI Ill' lIIlll),llil.IlilI'i(_ ili

II,{', _ l'ie_ s
t : In II :hl)

2{r.-I) i_,lil'(r)

whoro IIand {!arc I.horesi,,_i,luu'oand t,almeitatw¢,()I'tlm hologral)hieallyth,fittcdroll,ms, I",e l,ho

;,.. .... dit,h,t'tric brcakdt)wn fwld of tim micrtwrystallinc-wax comlflex-styrom' con_l)t)si[,c coatinl.i, arid
|.1_1

twit0 tlw ratio ol' the oh,ctrosttdh' stress (¢_m_,_to the elastic stress (_), whcrt,

Il'(r) r-_l + it- 1)(r 2 ,I31,1

It is ('.lear from Eqs. {13a, b}, that holographic depressions occur only if the ratio of electrostatic-

to-elastic stress exceeds unity, t]owevcr, as shown in Appendix A, the onset of such deformations

is not energetically stable, but instead produces a condition of frost, the presence of which was

observed during evaluation of the photoemission holographic-recording tube.

F. Laser Addressed Holographic Storage Chamber

1. Heat transfer. -- The work reported above on the holographic recording tubes served to

emphasize a fundmnental and detrimental caaracteristic common to vacuum type environments

viz., such tubes arc not suitable for thermoplastic holographic storage where heat must be trans-

ferred to and from the storage device. Investigations performed on the space.charge, neutralized,

dcmountable storage chamber discussed earlier {e.g., see Fig. 16) yielded similar thermal decay

behavior. Unlike the high vacuum _10 "5 tam (~10 "8 tort) tubes discussed above, the pressure

within ti_e demountahle, glow-discharge cimmber was of the order of 5 × 105 tam (500 torr}.

Yet, despite the aplm:ciably higher pressure, heat transfer from the substrate of the s_orage de-

vice rcmaincd poor (_ sc.conds).

,18
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2. Demountable stora_echamher. -- The long thermal-dec.ay time was an unfortunate result

because of the many advantages such a chamber had to offm', The de bias of the molecules of

the apace-cbarge neutralized glow provid,,d a unift_rm imtential across the surface of the hologral)hit'.

storage media, The 5 X 105/am (500 torr) inert atmosphere of the chamber also provided an en-

vironment free of ambient fluctuations, thereby permitting practical maintenance of stable.

temperature bias to the holographic-storage device. The chamber was to be used in a unique system,

in which thermal bias in conjunction with heat produced directly Item absorption of the laser

beam by the storage device would automatically select holographic pages at desired locations.

Several demountable chambers were designed and constructed which provided for addressing over

' a 2.cm by 2-cm area. A photograph of one such chamber, including keeper electrodes (used as a

constant source of ions via a small dc potential) is shown in Fig. 35. In an effort to assist the

transfer of heat from the substrate through increased pressure, measurements were taken of the

dc electrical resistance of the chamber versus pressure for an argon inert atmosphere. The data is

plotted in Fig. 36, where an optimum pressure is seen to occur at --5 X 105 tam (~500 torr).

Figure 35. Photograph of 2-cm by 2-cm demountable glow chamber.
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Figure 36. Plot of glow chamber resistance vs. pressure.

3. Corona grid structure. -- Because of the cooling effect implicit in a corona discharge, andi i

the promise of more rapid thermal decay, work was initiated on a demountable, multiple-grid struc-

ture operating under ambient pressure ana corona-type discharge. Two-dimensional grids were con-

structed over areas in excess of 4 cm 2 using various wires ranging from 45 pm to 125 pm in

diameter. Three kinds of grid structures were designed, constructed, evaluated and found to be

unsatisfactory due to spacially-nonuniform charging characteristics, and day-to-day changes in dis-

charg properties. Although improvement was obtained through the use of grids of finer mesh, the

constraint of random access over a 4 cm 2 area limited the number, diameter, and surface of the

wires which could be employed.

4. Corona chamber. -- The basic problem was that of providing uniform charge to the de-

formable surface over an area of at least 2 cm by 2 cm at ambient pressure, thereby allowing

sufficient heat transfer from the storage device. An approach which proved to be successful in

providing uniform charge, and through which holograms were satisfactorily recorded over a

2-cm by 2-cm area involved the use of a unique corona-discharge device, in which high voltage

was supplied to a single-discharge needle via a two-dimensional electrostatic shield positioned

orthogonal to the needle, and parallel to the deformable surface. The structure is illustrated in

Fig. 37. The discharge needle was symmetrically separated from the deformable surface over a

5O
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distance adequate to provide a charge shath_w in excess c_f 2 t,m hy 2 c,m. A SOl)aral,ian smnowhat

larger than 2.5 c,m prow,d adotltlaLo, and this not,_,s_i/,at_d a _'m'alm vr_ll,agv ()f aide)tit 15 kV.

ONE OF FOUR
THREADED SCREWS

FEEDTHROUGH

......" / CONNECTOR
/"

/ ..--PLEXIGLASSFRAMEi

_ Cr-Au LANDSFOR
..... OHMICTHERMALBIAS

SILVERPASTE /
, NEEDLE-TIC // GLASSSUBSTRATE

CONNECTION / REGION/
TIC / OF InO TRANSPARENT

TRANSPARENT CORONA ELECTRODE
ELECTRODE SPRAY Pg,K-P-HOTOCONDUCTOR\

HIGH \
VOLTAGE \\ MICROCRYSTALLINESTRAIGHTCHAINWAX

CONNECTOR \\
\ r-Au LANDSFOR

OHMICTHERMALBIAS

FEEDTHROUGH

ONEOFFOUR CONNECTOR
THREADEDSCREWS

Figure 37. Corona discharge structure design.

5. Chamber description. -- The corona structure consists of a 1.2-cm-long discharge needle
q

positioned through a 375/am hole ultrasonically drilled in a glass substrate, which is TIC coated

on one side. The high-voltage connection to the needle is made via the TIC coating through a

plexiglass frame in which the substrate is mounted. Care was taken to ensure that the TIC-coated

discharge substrate was parallel to the deformable surface with the separation between the needle

mad the deformable surface controlled by means of four threaded screws, which connected the

corona-discharge substrate and the storage device. The region of corona spray was insulated from

effects of external air currents by means of a plexiglass shield placed about the corona-discharge

structure. The shield contained demountable spacers, and a frame through which holes were

drilled, ensuring equilization of ambient pressure to that inside the chamber. The shield also

- served to stabilize th(' temperature of the storage device during constant-corona exposure due to

' thermal bias via adc current through the transparent electrode. A photol,_aph of the corona-

discharge chamber is shown in Fig. 38.
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Figure 38. Photograph of corona discharge chamber.

6. Laser-addressed storage device.- As indicated earlier in the sections on the photoconductor
|

and photoemissive holographic.recording tubes, work on such tubes was motivated by the promise

that matrix-type ohmic heaters could be eliminated, and that automatic holographic page selection

would occur via photoemitted electrons in response to the laser beam. In addition, the tubes
,.

promised a means of uniformly supplying charge to the deformable storage media. Although these

tubes did not behave in the desired manner for the reasons discussed earlier, the work did lead to

the successful development of a configuration in which charge is provided sufficiently uniform

over practical areas, and holographic pages are completely selected by means of the laser-deflection

system at reasonable power levels. The corona-discharge chamber, which provides a continuous and

uniform charge spray is discussed above and illustrated in Fig. 37. The corona structure was used

in conjunction with a microcrystalline-wax photoconductor storage device to successfully store

and erase holograms over the large area. Ohmic heating was used to thermally bias the wax to

below its melting temperature, and an argon laser was employed to provide the additional power

(~80 roW), which at selected locations, melted the wax in conjunction with the thermal bias

52

' i

ri...... .-_._'- -.... _ -_1 _ I I I ]

1973009954-TSE04



common to the largo area. The _uceennful recording and eramm ,,1' hoh)gram_ I)y the Inner h_maa

wa_ possible only heeaune of the nharp (_2°C) transition temperature of the microcry_tailint,-

wax sl_rag_ media. A continuous corona di$,harge wa_ u_ed Lhroughout the road/wriLo eyeh,s,

and n helium-neon (_ 1.0 mW) laser provided the two-heam in_rferoneo pattern. The experimental

arrangement is shown in Fig. ;]91 tiw arrangement allowed convenient nrgon-las,,r (heat) nwit,.hin{_,

by simply opening and closing a shutter as shown in Fig. 39. Page selection wa_ done by manually

moving the storage device with respect to the laser beams. System deployment of thc_ laser ad-

dressed wax pha_e transition would incorporate a single laser in conjunction with an {q(,ei,ronic,

light modulator as shown in Fig. 40.
t

LASER

ARGON
50-

,,'80mW THERMALBIASVIA
DC POWERSUPPLY

J ,,,O.SWATT

SHUTTER_, 15kV _ REFLECTED
/ _f._/! _-- DIFFRACTED

\j ,.,.T
MIRROR'_l' --2_-- / x,l VIEWING

ATTENUA_ _ ._ _CREEN

,_ ._ZR_.e MIRROR

MIRROR"_, - IXe-Ne-,o°wILASER

Figure 39. Experimental arrangement of laser addressed memory.
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ROOF
MIRROR

ZERO
ORDER .......
BEAM

HOLOLENS _ CORONA
STORAGE
CHAMBER

JL
LENS COMPOSER

DEFLECTOR
DETECTOR

I MODULATORMIRROR "_

Figure40. System configurationof laseraddressedmemory.
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VI. CONCLUSIONS

The objective of thin research was to investigate the use of thin deformable films a_ the, ,_tor-

age medium in a high.speed, random.access, read/write holographic memory.

The main conclusion to be drawn from the work is that deformable films which use hemal,a_ a

a part of the recording process are not satisfactory for this application, because of fundamental
thermal considerations. On the basis of both theoretical analysis and experimental ,wide,no,,, it was

found that the heating time and cooling time of a small area in a film subjected to local h,,ating

, are in the ratio of approximately 1:1000. If 'the memory is to be truly random access, a tim_,

equal to 1000 heating times must elapse between successive write and erase operations, l h,ating
times of the order of 100 tasec to 1 msec are possible, but even these result in cycle times of

100 msec and 1 sec, respectively, which are too long for a high speed memory. Thus, in order to

use heat deformable films, one must give up either high speed or random access. We emphasize the

the restrictive nature of our conclusions because heat deformable media are well suited to serially

accessed systelps, particularly those in which the medium moves, because this permits very simple

charging and heating stations.

The fatigue problem, which plagued thermoplastics for many years, does not appear to be as

formidible as it once seemed. One material that was developed during this contract has shown no

fatigue after more than 7000 cycles.

The two other major problems, i.e., charging and selective heating, are both tied to random

accessibility. In a serial accessed system neither presents any fundamental difficulties.
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APPENDIX A

Surface Deformation in Microcrystalline Wax

Assume the wax to be distorted by a sinusoidal charge distribution deposited through tho

interferenceof two laser_ams on a photoconductoras

o(x)= oo + oI coskx (A:I)

S

wherek ffi2_/d.

Applicationof heatfrom underneathby ohmic heatingofthetransparentelectrodepermits

theelectrostaticforcesto displacetheliquifiedwax from regionsof high-chargeconcentrationto

thoseof low-chargeconcentration.Duringthistime,thechargeisassumedessentiallyimmobileon

thedistorted,but yetsolidsurface.The distortionwill,ingeneral,be maintainedevenwhen the

filmiscompletelyliquffied,and thesurfacechargecan be regardedasmobileon thesurfaceasa

resultof thehigherimageforcesinthehigh-chargeregionsascompared to thatinthelow-charge

regions.Iftheincreaseinsurfaceenergynecessaryfora portionof thefilmsurfaceto reachthe

transparentelectrodewithina half-periodof thepattern,exceedstheelectrostaticenergyoriginally

storedinthesame half.period,thenthewax filmwillassumea stable<listortedform withthe

periodof theoriginal-chargedistribution.Ifthisconditiondoesnot occur,thenspontaneousfrost

formationwillbe observedasthewax isliquified.Assumingan equilibriumdistortion,thenthe

surfaceand electrostaticenergieswillacquirea minimum valueoverone-halfof theperiodd.

An approximatestabilitycriterionisderivedas follows:assumethesurfacecontoury(x)is

sinusoidal,i.e.,

s(x)= so - sIcoskx (A2)

whereso istheoriginalwax thickness,thentheincreaseinsurfaceenergyattributabletothe
distortionis

W s = T 1 + ! - 1 dx
0

(A3)
_r/2

= _ 1 + sin20 - dO

0
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1 2 3 a2 + ..... _ ........ (A4)
-_ Td " 8 32 2048

whore a :- ks1 and T l_ the por.tmit-aroa surface energy. The, _tabllity crit_,ricm in that Wi_f,_r f__ _]
be gr,_atcr than tho ,qectro_tntk' onergy of tim half porkJd for k _. 0

d V2 (A5)....... £Ws "_
4_o

where V is the potential impressed on the wax _lurfac¢,.

' Initially, after the charge deposition given by Eq. (A1) on the flat surface, the, pot,,ntial

distribution is

_l(x,y) = AoY + _ Ansinh (kny) cos (knx)
{A6a)

n=l

for y < s

and

_2 (x,y) = Bo + _ Bn exp (-kny) cos (knx)
(A6b)

n=l

for y> s

Usingthefollowingboundaryconditions

o(x,s) = eI \_-_-/ s - e° \-_-Y--/ s (A7a)

'. _l(S ) = _2(2 ) (A7b)

the potentials solve as

_I (x,y)= e-_- + "k-_ocoskx ----1- ' (ASa)
cosh_s + sinhks

_ Oo[ o__i t-kCy= )l
1

¢2(x'Y) cI + k% coskx _- + cothks J (ASbl
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Who.n tho film ha, complotoly liquiftod, tho ch_lrgo van dfz,tribut,, itl_olf along tho _urfavo whh'h

J_como_ an oqutpotontlal of magnttudo V. Th,_ potontiai di,trlbution within tim film at y , ,_{_1

t_ givon by Eq. (A6a) with now valuo_ for tho coofficiont_ A n, whoroa_ f,)r y i:, f_Ix), ¢S{×,y) _ O.

Tho e¢_offielont_ An aro Slow dotormtnod by tho _dnglo Imundary c,m¢lil,Jou

AoH{x)+ Z An _inhikn_ix)._Iknx):-: V lAg)

rt : .'1

for o .:: x '": d/2

under the constraint

d/2 bl I1 /.d_s.__21 d/2
of ...... + dx = o(x) dx (AI0)

el _Y s \dx/ A
0

Noting that oo

sinh(kns(x))=sinh(knso)_o(knSl '+2 Z I2m(knSl'C°s(2mkx tm=l
0o (All)

m=O

cosh (in s(x))_-"_ c°sh (in So){ I0 (knsl) "1" 2 Z I2m (in Sl ) e°s (2mix)}m=l

_o (A12)

-sinh(knso){2 Z I2m+l (knsl)c°s[k(2m+l)x|}
m=O

substitution of Eq. (A11) into (A9) yields the set of simultaneous equations for the coefficients

An as

t_ OO

AoSo+ Z A2mI2m(2m)sinh(2m) Z A2m+lI2m+l(2m 1)cosh(2m+l) V

m=0 m=0

(Al3a)

AoSl+ Z A2m +1 12m(2m+1)+12m+2(2m+1) sinh(2m+1)
m=0

i
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fl¢_

m _. l)

(AI3_,)

m _=0

for even N > 2

OO

Z A2m+NE I2m(2m+N) + I2m+ 2N12m+ N)_ sinhl2m + N)

m=0

OO

- E A2m+l+N_2m+l(2m+l+N)+12m+l+2N(2m+l+N)_c°sh(2m+l+N)

m=0

(N-2)/2

+ Z A2m _N-2m(2m) + IN+ 2m(2m)] sinh (2m)

m=l

(A13d)

(N-2)/2
xI

- E A2m + 1_ N-l"2m (2m+ 1) + IN + 1+ 2m(2m+ 1)j" c°sh(2m + 1) = 0

m=0

For odd N > 2

oO

Z A2m + N I2m (2m+N) + 12m+2N(2m+N) sinh (2m + N)

m=O

6O

4 t [|

q_
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- A_m+]+ N 1,2nl+l(Rrn41_-.Nl-t-12rn.t.l.t2Nl',hnt l.aN ._mhl,.,rn_-l_N)

m :-_(I

INo,"t)/_,

A_m+l N.l_2ml,,nltl) t IN_.l.t.o?,ml,,mt

m '-0

(N.8)/2

_E_ ') " tqmh(_]lll I '_) 11- A21u,t.2 IN ,)o2ml,_lllt 2),I IN, I ,.,

Ill _ l)

TIw arguln(qli,of |,h_,14(,sHl,lI'um,l,ion In (of imaginarym'gumlml,) tn I,',q_,(A 13a.,,) mull, I,, mull il_li_,d

by ks1: similarly the tlrgull]¢qlt o|' ilm hypvrbolic |'un(,l.ion_sinll, eosll, intlSl.I)(, multil)lit,(l I;y ks(,.

Suhstitution of Eqs, (A2) and (AiJa) into (AI0) gives

1 ,_ kx

. Ao + kn An eosl_ lkns(x)l eos(knx) 1 + 2 (ksi)" I1 -cos( 2 )i " dx

0 n _ 1 Ood (AI.1)

2_ 1

or

2 + 2--(kSl) + _E: khAn cosh [kns(x)]

0 n=l

II ' J" ' +g(ks 1) eos(knx)--_[(ks 1) os(kln+2lxl+eos(kln-2lx) dx (A151

ood

"2_i

Substitution of Eq. (B-12) into B-15 giw:+s
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1 + li_IlSnl 2 (A_/k) * E '2m A_m 12m 12m) cn_h (2m)
m _.l

"" E {;hn'l 1) Ap,m, 1 Ip,m _- 1 121n-t 11 ftlnh {_,m _- 11tI'
III ' (I

I oo
-AI F1]LI(1)+I3(1).j stnh(1) ''-" k-_l.

Equation (A16) relates the potential V along the surface of tlae wax to the charge density (oo).

.... Assuming small amplitudes of deformation such that

1 2
Io (n} _ 1 + _-- (nks 1) (A17a}

1
- nkSl (A17b)I1 (n) 2

1 2

12(n ) _ -_ (nksl) (A17c)

and limiting the terms to second order in sl, Eqs. (A13) and (A16) yield

Sl 2
Ao = (V/s o) 1 + _o-d- coth (ks o. (A18a)

A1 -_ (SlV/So) cosh (kso) (A18b)

2
A2 ._ (kSl V/4So) csch 2 (kSo) (AlSo)
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The ploclrnst,aliv energy is

iv

We " P, ' 1 dx +
. kay

0

,-' ,_ Ao A1 v_mh I_l_o +( 2

I 2 I (kal1 I ,._'H_'I_h, '--",,i_i{dl_)V +

Noting thai, Eq, (A l t,) giw,s the surface potential as

s°°° (1 ks12 _)
V = - - - " cothks( (A20)

1 2%

the electrostatic energy is

sod 2 I1 3 ks12 1 2 elWe = 4_--1 °° -4 -so--c°thks°-4(kSl) csch2ks (A21)

There are two limits to consider viz,

We :_ 4e'l oo - (A22a)

for k% << 1

and Sod 2 (1 3 kSl 2)
-_ ....o - .......... (A22b)

We 4c 1 o 4 so

for k so >> 1

Equations (A22a,b) show that for thickm_sses of wax small compared to the period of the disturbance,

the energy change for a kiw,n surface charge density (oo) is proportional to the wax thickness {So); for
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wax thicknesses large compared to d, the pnergy change is proportional to So2/d. The onset of spon-

taneous deformation, i.e., frost, occurs with period_ longer than d [Eq,(A4)] whenp..,

!-* 12r_

....... (A23a)
[ It',,] ,-,Ws 4

i.e., for

T) 1/2 {A23b)d > (2Cl So
0

,)

' withks o d_-.. 1

and 4_ e 1

d > ._eo-_T (A23c)

with k so >> 1

For large values of So, the frost spectrum is independent of So, whereas for small values, the limiting

frost wavelength decreases with the square root of so. Notethat the stability criterion of Eq. (A23b)

corresponds exactly to that of Eq. (A5).

The assumption of free-mobile charge on the wax surface may not, in general, be completely

valid. However, in this instance many ad hoc assumptions then become necessary. Taking o(x) to

be the actual charge density, the effective charge density _)(x) is then given as

I_(x) =°(x) + (el-e°) \_Y/y=s- d---x-\aX/y=

, The potentialbothaboveand belowthewax surface_(x,y)canthenbeexpressedintermsofthe
effectivechargedensityas

d/2
1 if" oo ,_x- r " .-d) 2 + [y + s(r)] 2

= _ Jd/2 4(r) dr In H " (A25)_b(x,y) 4he o_ n=-oo (x-rvnd)2+[y-s(r)] 2

Equation (A25) can be expressed (ref. 22) in terms of hyperbolic and trigonometric cosines
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d/2

f _(r) dr In cosh k [y + s(r)] - co_ k (x?r)_(x,y) _ 4_o e_sh k [y - s(r)] ,-cos k (x-r) (A2t_)
-Jd/ 2

---{_bl] ds _'{°_1_ can then be obtained by differentiating Eq. (A16). If o(x)is
The quantity: \_-y)s " cl.x \_}y }s
known, the relation which results [taking account of Eq. (A24)] can be regarded as an integral

equation for the above quantity, i.e., the induced charge distribution. Solution of the integral

equation will then yield the potential distribution throughout space, and the corresponding elec.

trostatic energy integral can then be evaluated. Although in principle, a procedure exists for deter-

mining the contour in the absence of surface charge mobility, and which minimizes the surface,

strain and electrostatic energy are subject to the condition

d/2

(s(x) - So) (A27)
dx 0

0

it is not clear that the fruit of such a calculation would warrant the effort necessary to obtain it.
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APPENDIX B

Heat Transfer in lh)lographie Storage Devict_t_

The thermal analy,is concerns the _tructure shown in Fig. 41. where a thin storage iay(,r

(typically (_ompnsed of a thin.thermoplastic layer ow)r a thin.photocondu(_tivv iayort is _hown

deposited on a glass suhstrate. Typical dimensions are a fl_ic.kness of 2 1o 5 pm for th,, storage

layer, and 3 to 6 mm for the glass substrato. 'flw total lateral exlxmt of l.ho storage phme is at

least 10 cm. In operating a holographic-memory system with automatic.pug(, selet_tion, a small

, area of the storage plane of about 1.mm-diameter is heated; it is the temperature of this small

heated region that is of interest.

/ / I
/ STO,AGE.l,'-J

z /_Lo.,i,I ,_.
:

Figure 41. Heat transfer geometry.

Some simplifying assumptions can be made: (1) the storage plane fills the semi-infinite re-

gion z > 0 (since the area of interest is so much smaller than all other dimensions, this assumption

will not significantly change the results); (2) there is no heat flow over the plane z = 0 at the top

surface of the storage layer (we are thus neglecting heat losses by radiation, but thi_ is a small

effect for the small temperature deviations we encounter in thermoplastic recording); (3) the

heat is applied uniformly in the volume of the selected region, i.e., the volume bounded by the

cylinder Irl < a, 0 < z < b. (this is exactly the case for a thermoplastic heated by the absorption
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of electronn or light, and o×pt,rimonl, ally appears i,o ht, a reasonably good apl)rt_ximal,ion ft)r a

resistively-hoat_,d allot); and [4) the thermal charat.l_.risl.it's of tLt, st_)rago layt,r (a phu_tit'l slid Lilt,

aubntrato in gltvm) are identical (since i.ht, th_,rmal th,/.ny l,inwu an, dt,h,rmin_,d mainly by tht, sul)-

atraia, this is a reaatmabh, nusuml)tion).

The t.mnporaturo is found by tim aid of the vom,t,pt of point sources of ht_at and the, method

of images. We image a point sourue t_f heat mmmwhert, in thv vt)hune I)oundt,d by Irl ' a, [) _ z .'h.

wht_re 2a is the diamott,r c_f the storage area and b is lho thickness of tlw ,t¢)ragv I tyt,r We n[)t.o

that if the source point is at the local,ion (x,y.z), the contribution of another Vtlual.str(,ngth sourt,o

located at (x,y,-z) (an image point) will yield a solution to the, l)roblom that maintains the, hound.

' ary condition of no heat flow at the plane z 0. Thus, the solul,ion of th(, present pr(_hlt,nh

schematically shown in Fig. ,11, nmy I)e found by solving the easier problem of the temperature,

due to heat generated in the cylindrical region Irl < a, -b < z < b, which is imbedded in an in-

finite, medium. In particular, the temperature at the origin (which is the surface of the storage

area in our problem) at the time (t), due to heat generated at the constant rate (A) per-unit-

vo!ume per-unit-time is (ref. 21)

t b 2u a

V=_0 fbf0 f0 Ar e'(r2+z2)/4k(t-t')_ 8pc [_k(t - t')] 3/_ .... drd0 dzdt (B1)

where p is the density of the medium, c is its specific heat, k is the thermal diffusivity defined

by k = K/pc where K is the thermal conductivity. Integrating with respect to r, 0, and z we find

t

_Cfo "a2/4ku)(erfb/4ku)du (B2)
V = (1-e

This integral has been evaluated numerically, and Fig. 42 shows a plot of the temperature versus

time for a 10 psec heat pulse. Note that for this case the temperature 10 psec after the termina-

tion of the heat pulse (i.e., a time equal to the heat pulse) is about one-half the peak tempera-

ture, but that the time needed to decay to 3% of the peak value is about 1000 times the heat_

pulse duration. These two features, the time to decay to one-half and 3% of the peak tempera-

ture can be demonstrated to scale for all heat pulse duratiops for which this model is valid. The

extreme length of time necessary for the temperature to return to ambient may be appreciated

by noting that for large times the temperature falls as 1/V_. These results have been tested ex-

perimentally and very close correspondence has been found between this theory and experiments.
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As stated above, the film may be heated arbitrarily fast. The results above can be used to

estimate the energy required to heat the film to a temperature V o in a time t, but a simpler

heuristic argument may also be used.

The energy needed to heat an area of the storege layer to _ t_mperature (V) is

Q = pcVAh (B3)

with Q the total energy, A the cross-sectional area of the storage area, h the depth to which

the film is heated, and p, c as given above. The energy per unit area, J, is then

J = p c Vh (B4)

Note that as we apply heat to the storage area, its effect will not be contained in that area but

willspread.For shorttimes we can assume thattne he_ ,_cc._ _'1otspreadlaterallyalong the

storagefilm but ratherthatmost of the heat penetratesintothe substrate(thisisparticularlyso

ifthe heat isappliedviaa thinresistiveheaterat one surfaceof the film).The totalvolume

heated duringthe pulsewillthen be determined by how farthe heat spreads.A good measure of

thisdistanceis

h = _ (Bs)
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where k is the thermal diffusivity, defined above, and T ix the heat pulse duration. We then find

that the energy required is

J = pcV (kT) 1/2 (B6)

The power required is

p cV (k) 1/2
, P = _ (B7)

(T)-,-

Thus, the film can be heated to any temperature (Vo) arbitrarily fast, and the energy (Eo)
necessary to do this is of the form [Eq. (B6)]

Eo2 ffi(constant).t (B8)

However, as shown in Eq. (B2) and Fig. 42, the deformable storage media cools over a compara-

tively long time period. This theoretical result is confirmed by experimental findings, and shows

that the ratio of the cooling to heating time is about 103:1. This means that if heat is transferred

into a thermoplastic.type storage media in 1 msec, the time required for the temperature to re-

turn to its ambient value will be about 1 sec. Thus, the theoretical and experimental results show

that the cycle time of a thermoplastic-type holographic-storage medium, where heat must be

transferred to and from the storage device, is limited by the time necessary for the temperature

of the storage medium to return to its ambient level.
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APPENDIX C

IIOLOGRAM RECORDING CRITERIA USING PIIOTOEMISSIVE MECllANISMH

Assuming tile introduction of a differential quantity of charge dqo along a region of the d,,.

formable pbotoemissive surface (Fig. 43) and allowing some depression along that region in conn.

parison to an adjoining dark region, the capacitance C1 of the depressed region will in general

differ from the capaeitam:e C2 of the adjoining region because of the differom'es in s,,paration o1'

the two regions from the, transparent electrode. An equivalent circuit is shown in Fig. ,id, from

, which it is apparent that

dq ° = dq I + dq2 (C1)

dq 1 = Cldv 1 + VdC 1 (C2)

v1 -v 2

dq2 = C2dv 2 + VdC 2 = _ dt (C3)

where V is the dc potential along the surface >> Vl,V2, and where R is the resistance which

separates adjoining light-dark regions. Taking the differential force per-unit-area P due to depres-

sion as proportional in a first order approximation _ th_ relative displacement wher_ C2 < C 1

occurs both to depression of the light region and dark region elevation due to incompressibility,

we have

xo -____xx V + v2 (C4)P- 2_ Xo = e - \2Xo_X / .j

from which

2e V+v 1 dVl dv2- + dx =-2_-- (C5a)
x x (2Xo_X)2 (2Xo _x)3 xo

which yields

e Ec

dx_ 2cEc2_ [ (dvl-dV 2) (C5b)

7O
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whert,

V+v 1 (V+v2)×
(,

,x (2x,_ - x )2

DARK
LIGHT REGION
REGION

X Xo

I////I//11 /I//////////////////

/
TRANSPARENT
ELECTRODE

Figure 43. Geometry of deformable photoemissive surface.

(LIGHTREGION) d?0 vl'v_" a_ (DARKREGION)
vl-_ _ "W-'" .__1 _v_

dql Cl C2 dq2

Figure 44. Y_quivalent circuit of photoemissive holographic region.
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Noting tllat

dO 1
dv2 _, V + .12 (v1.v2)d t (C6a)C2

with

RC2v 2 _ 1 (C(ih)

we have

, c Ec { dC 1 tdvl-v- T -,2(,1-v2),lt ((.:7,,)
with

dC 1 =__ dC 2 (C7b)

Since
A dx

(c8)
dC1 =e_-_- dx=-C 1 x

then

l e Ec Id dx

dx _ 2Ec2e v1 + V-x-- " r2 (Vl-V2) d (C9a)

and

V dx eEc2 _ dVl } V dCl (C9b)x dt eEc2__ _W - r2(Vl-V2) = C1 dt

" Noting Eqs. (C1-C3) we then have

av 1' + _r 1 (Vl_V2) = io/C 1 (C10a)

(p-l) v1' +v 2' - _ r2(Vl-V 2) = 0 (ClOb)

where

RClr 1 -= 1 (C10c)
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and

= v2

_,E_7 r 2

,¢-c g_, r 1

I

Equations (C 10a,b) solve for either v I or v2 as

av" + 2/3rv' =/_rio/C ((',lla)

for which

iot

vI = A e"Tt+ -'2C- + D (Cllb)

iot

v2 = _e-Tt+ -_- + E ((,llc)

with

A+D =B+E=0 (Clld)

and
2_r

7 - - 2r(l-r) (Clle)

where e E2
r- 2--- (Cllf)

Noting

1 dql V dC1 (C12a_
Vl'= C- dt " C dt

we find

v1' (0) = io/aC (C12b)

j.t

A = - ioR/4 (C12c)

B = (al_)ioR/4 (C12d)
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and

,i-t° R ( _)
]. _ ( -2(]-r)t/R + lot/E(', {(H.3a)v I

'o ]' (1 .,-,(|-r)t/,,(,/ + i(),./,,(. ' (,,1,,,))v2 _'" d(1-r)

with

t'l/cv -' I - r ((!|/h°)

The equations show that for r > 1, the potentials v1 / v2 and differ(,ntial depressions o(,cur,

whereas for r .: 1, the (,xponential terms rapidly disapl)ear and v1 = v2 - lot/2(} at tim(, i)(,riods

t >> ltC. The paranwter r = 2 (cE2/_) is a figure of merit for the deformal)le material, an(l rel)r('-
sents the ratio of electrostatic t,, elastic stress. Thus materials in which surface depressions occur

due to photoemission processes at(, those where the increase in surface energy necessary for a

portion of the film surface to reach the transparent electrode within a half-period of the pattern

is less than the electrostatic energy originally stored in the same half.period. It ctm be shown that

i°R r 11 11 e-2r(1-r)t (C14a)Xo=X _ 8E c r-1 + "(1-r)(2-r)

from which

RC 8EcAX
In (C14b)

c = 2(r-1) io Rf(r)

where

r I1 1 _ (C14c)f(r) = r-1 + (1-r)(2-r)

Equation (C14b) gives the time interval necessary to achieve a depression hx = Xo=X. Taking

_"~6.104 dynes/cm 2 and Ec ~107, then r _0.1 indicating that holographic deformation by photo-

emissive processes will not occur. Noting that the RC time constant is the product of the resistivity

per square reduced by twice the number of holographic lines, and the surface capacitance reduced

by the same factor, the RC time constant is of the order of 25 X 10 -12 second, i.e., a time smaller

by at least an order of magnitude than that given by Eq. (C 14c) for a 50-nm depression.

However, the critical factor requisite for holographic recording via a photoemission mechanism is

that 2eE 2 be greater than _7,a condition difficult to realize while satisfying constraints of deforma-

tion stability.
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